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Abstract 
Acacia mangium is widely planted in tropical parts of SE Asian for reforestation, timber and 
pulpwood. Plantation has recently been established on Melville Island and early growth and 
tree form are below commercial expectations. Although A. mangium is a N-fixing tree, 
seedlings are not inoculated with rhizobia and a small amount of inorganic N fertilizer is 
applied at planting. This thesis explores compatible rhizobia for A. mangium and determines 
the extent to which N may be limiting establishment and early growth of A. mangium on 
Melville Island. 
To determine whether there are bacteria in the western soil management (WSM) collection at 
Murdoch University capable of forming functional nodules on A. mangium, a glasshouse trial 
was undertaken with six isolates. These cultures had been isolated from nodules on roots of A. 
acuminate and were associated with a positive effect on growth. The results showed that 
strain WSM 2248 also had a positive effected on growth of A. mangium, it increased shoot 
and root dried weight over negative control ones by 524% and 234%, respectively. However, 
there were a few of chloric seedlings still present. This strain, therefore, might be not the most 
effective one, and could easily be replaced by indigenous rhizobia in plantations. 
The diversity and ability of indigenous rhizobia on Melville Island to colonize and promote 
growth of A. mangium were unknown. Therefore, 20 soil samples were taken from different 
site types on Melville Island including native forest and A. crassicarpa, A. auriculiformis and 
A. mangium plantations. A pot trial was undertaken in the glasshouse using A. mangium as a 
baiting plant. 257 isolates were obtained including both fast- and slow-growing rhizobia. 
They were confirmed by using the nif-directed primer RPO1. The fingerprinting PCR of the 
isolates showed a high diversity of different banding patterns. Surprisingly, root nodule 
bacteria might be absent in Shark Bay site, while other sites presented variety of rhizobia. 
To determine whether inoculation with compatible Bradyrhizobium  strain  was desirable for 
improving the N status of trees in the field after outplanting, seeds were inoculated in the 
nursery with two strains Bradyrhizobium  selected from previous glasshouse trails (from 
treatments 11 and 18). These seedings were planted in two separate field trials on Melville 
Island. There was no benefit of inoculation in the nursery and indeed, growth of inoculated 
seedlings was inferior to that of no-inoculated seedlings supplied with inorganic N. 
Contamination of the control seedlings bench in the nursery would have seriously comprised 
the field experiments. Therefore, they were of little use in addressing the question posed in the 
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introduction. It remains unclear whether inoculation with compatible Bradyrhizobium strains 
in the nursery can benefit the N status of trees in the field after outplanting. 
 Acacia mangium plantations on Melville Island are still in the first rotation and unpublished 
observations (stunted trees, poor form, and some leaf discolouration) suggest that the trees are 
not adequately provided with nutrients. Given the sandy texture of the soils it is likely that N 
is a limiting factor and only a small amount of N is applied in the fertilizer mix at planting. 
The project compared six nitrogen fertilizer rates at three sites with different soil types: N0, 
N15 (15g N per tree) N30, N45, N60, and N75 combining basal fertilizer. There were also 
two controls treatments; nil fertilizer and the current commercial operational fertilizer regime 
(routine treatment) used on the island. The trials were designed randomised complete block 
design was used consisting of 3 blocks, each with 8 treatment plots. Each plot contained 48 (6 
x 8) seedlings at 4 x 2.5 m spacing. The results confirmed that in first year, trees reach 
optimal growth at rate of 15 g nitrogen fertilizer per seedlings in combination with mixture of 
micro- and macro-nutrients (g), 72 K, 218 P and 83.3 micro-nutrient fertilizers. Foliar analysis 
revealed that it was likely micronutrients, especially B, Cu and Zn, were limiting at some sites 
and that the micronutrient content of the basal fertilizer reduced these limiting factors. 
From this project it is obvious that there are need for further evaluation the operational 
fertilizer prescriptions for A. mangium plantations. Due to the short duration of the trial it is 
not as yet known if improved micronutrient status would result in improved form of A. 
mangium on Melville Island. Therefore, further studies addressing a range of essential 
element requirement should be undertaken for A. Mangium on Melville Island.  
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Chapter 1: Literature review and thesis aims 
1.1 Introduction 
This thesis is concerned with aspects of the nitrogen (N) nutrition of Acacia mangium in 
commercial plantations on the remote Tiwi Islands north of Darwin, Australia. On one of the 
Tiwi Islands, known as Melville Island, native vegetation dominated by eucalypts is being 
converted into A. mangium plantations for the production of wood for export. Before defining 
the aims and objectives, this chapter will cover a range of relevant topics including 
deforestation, the demand for wood products, acacia plantations and biological N fixation.  
1.1.1 Global deforestation 
Global deforestation has been occurring for a long time, and the forest area has decreased 
dramatically. It is estimated that 14.2 million ha have been lost annually since the 1990s 
because of direct and underlying causes (FAO 2001b). Forest cover has continued to decline 
rapidly in Africa, Asia and the Pacific, with an estimated 7.7 million ha of forest lost annually 
for these regions over the period of 2000-2005. Latin America and the Caribbean countries 
lost 64 million ha between 1990 and 2005. In the North American region, forests lost annually 
represented about 2 percent of the world deforestation between 2000 and 2005. By contrast, 
the forest area appears to have been stable or even increased slightly in Western and Central 
Asia, and Europe between 1990 and 2005 (FAO 2009). 
In 2005, forests in the Asia and the Pacific regions accounted for nearly 19% of the world’s 
forests with an annual loss of 3.7 million ha (FAO 2009). In many countries in the region, 
deforestation has already caused huge losses in forest cover, especially in SE Asian countries. 
For example, the forest area in Thailand decreased from 75% in 1913 to15% of total land area 
in 1986 (Delang 2005; Hirsch 1987). For the period 1990 to 2005, the percentage of land area 
under forests in SE Asian countries declined to: 32.3 % (3.412 million ha) in Philippines, 
24.1% (28.072 million ha) in Indonesia, 19.3% (2.499 million ha) in Cambodia, 17.8% (6.997 
million ha) in Myanmar, 9.1% (1.445 million ha) in Thailand, 6.8% (1.172 million ha) in 
Laos, and 6.6% (1.486 million ha) in Malaysia (Mongabay.com 2009). Similarly, in Australia 
about 40 million ha of forest were lost in the early twentieth century (Williams 2001), and the 
forest area has declined continuously from 1990 to 2005.  
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In Vietnam, the natural forest area in 1943 was 14.3 million ha (43% of coverage); but the 
area was reduced to 11 million ha by the end of the Vietnamese War in 1976, and just over 9 
million ha remaining in 1990. The forest area was lost by both direct and underlying causes, 
such as land conversion for agriculture, impact of war, damage from forest fires, fuel wood 
gathering, forest policy, and population pressure (Jong, Sam et al. 2006). 
Loss of forest causes serious problems including contribution to global warming and climate 
change, changes in the hydrologic cycle, decreased biodiversity (NASA 1998), soil erosion, 
deleterious effect on drinking water supplies (Nelson and Geoghegan 2002), and reduced 
supply of wood and non-wood forest products. In response to global deforestation, efforts in 
reforestation are extremely urgent. Reforestation can be challenging as deforested lands 
become degraded, resulting in loss of soil fertility, beneficial soil organisms and increased 
prevalence of grasses such as Imperata cylindrica in SE Asia. 
1.1.2 International demand for wood and wood products 
The world wood consumption, for industrial round wood, sawnwood, wood-based panels, and 
paper and paperboard, has been increasing considerably since 2005, and the demand will be 
dramatically higher by 2020 and 2030 (Table 1.1).   
Table 1.1: Current and predicted world wood consumption (FAO 2009). 
 
 
Year 
Industrial round 
wood 
(million m3) 
Sawnwood 
(million m3) 
(million tones) 
Wood-based 
panels 
(million m3) 
Paper and 
paperboard 
(million tonnes) 
2005 1.682 421 211 365 
2020 2.165 515 391 571 
2030 2.436 594 521 747 
 
In Asia and Pacific regions, especially China and India, wood and wood product consumption 
is extremely high. For example, nearly 50 million m3 industrial roundwood was consumed 
exceeding local production in 2005. The demand for wood is predicted to be considerably 
higher in the next 10 to 20 years. The demand for the combined materials and products (paper 
and paperboard, net wood pulp, particleboard and fibreboard, sawnwood and plywood, and 
wood chips), have been steady increasing over a few decades. For example the annual 
consumption of wood was over 300 million m3 in the 1980s, but rose to over 800 million m3 
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in 2009. The predicted demand for the region is more than 1,200 million m3 raw wood 
material wood in 2020, and about 1.8 million m3 in 2030 (FAO 2009). 
1.1.3 Acacia species in forestry and other uses 
Mimosoideae contains approximately 1350 species, of which 1000 are native to Australia 
(Brockwell, Searle et al. 2005), were over 95% of the genus indigenous to Australia. Nearly 
one-fifth of all acacias grow to at least 5 m in height (Midgley and Turnbull 2003). According 
to McWilliam (1987), acacias are pioneer species, and when planted outside of their natural 
distribution they may exhibit rapid growth. They have shown the adaptability to a wide range 
of environmental conditions: from tropical to temperate climate, arid and semi-arid zones 
(Fox 1987; McWilliam 1987; Midgley and Vivekanandan 1987); and various soil types, from 
infertile, salty, acid and arid soils (McWilliam 1987; Midgley and Turnbull 2003; Thomson 
1987) to more humid and fertile soils (Brockwell, Searle et al. 2005). 
Australian acacias have been spread to over 70 countries due to their suitability for 
multipurpose uses, including timber, pulpwood, tannin, fuelwood, erosion control, 
windbreaks, stabilization of moving sand, animal fodder, edible seed (Boland 1987; 
McWilliam 1987; Midgley and Turnbull 2003) and nurse plants (Long, Nan et al. 2009). They 
are also suitable for mixed species plantations due to their N-fixing ability (Bouillet, Laclau et 
al. 2008; Forrester, Bauhus et al. 2006; Shao-ming, Xiao-xian et al. 2008) and for soil 
improvement (Jang, Lee et al. 2004). By the 1840s, three Acacia species were planted in India 
to supply fuel for the army. Acacia mearnsii was initially grown in South Africa in 1864, and 
was introduced to Indonesia and Sri Lanka by 1880 (Midgley and Turnbull 2003), and into 
Zimbabwe and Tanzania in 1902 and 1908, respectively (Kessy 1987; Luyt, Mullin et al. 
1987). Acacias were introduced to northern Africa at the turn of the 20th century where, 
among other suitable species, A. saligna and A. salicina are commonly cultivated (Cossalter 
1987; El-lakany 1987). 
Many species of Acacia are suitable for reforesting of degraded land and with the productivity 
potential to produce an income stream from wood products. As a result, Acacia has emerged 
as one of the most suitable genera in reforestation programs in the Asian Pacific region. For 
example, some Acacia species have become alternative species for reforesting wastelands in 
India (Prasad 1991). Other uses include the restoration of salt-impacted land (Aswathappa, 
Marcar et al. 1987; Thomson 1987) and for animal feed and human nutrition (Goodchild and 
McMeniman 1987; Orr and Hiddins 1987). On poor and often degraded sites where I. 
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cylindrica dominate, such as in parts of Malaysia and Indonesia, Australian acacias were 
introduced and found to be promising species for reforesting these areas (Thomas and Kent 
1987; Werren 1991). At the same time, a number of Acacia species were domesticated for 
commercial plantations, and associated silvicultural prescriptions were developed, such as 
weed control and fertilizer application (Turvey 1996).  
In the twentieth century, Australian acacias have been introduced into south-east Asian 
countries, initially introduced to Peninsular Malaysia the early 1930s (Yap 1987), Thailand in 
1935 (Pinyopusarerk 1987), the Philippines in 1956 [(Caguioa 1956) cited in (Arnold, 
Gonzales et al. 1998)], and Vietnam in the 1960s (Kha and Nghia 1991). In China, about 50 
species of acacias were introduced in 1980s (Zhigang and Minquan 1987), and A. mangium 
and A. auriculiformis have been extensively planted since then, due to their fast growth rate 
and suitable for degraded soils (Long, Nan et al. 2009). In the project, A. mangium will be the 
main focus in literature review and experimental research. 
1.2 Acacia mangium 
1.2.1 Introduction 
Acacia mangium naturally occurs in northern Queensland in Australia, Papua New Guinea, 
and the Moluccas and Irian Jaya in Indonesia. The commercial names vary between countries, 
including: black wattle, mange, hiskory wattle, mange hutan, mangium, and tongkehutan. 
Descriptors of the species have been provided by many researchers, including Doran and 
Skelton (1982), Francis (2002), Joker (2000), Keong (1979), National Research Council 
(1983), and Sanchez (2009). Acacia mangium is a fast-growing and evergreen tree, up to 30 m 
in height and up to 90 cm in diameter with straight boles when maturing naturally. The bark is 
rough and reddish brown or grey. It flowers in May in Australia, and seeds reach maturity on 
about 7 months later. Seeds can be harvested around October to December in Australia, July 
in Indonesia, or September in Papua New Guinea. Acacia mangium is a low-elevation species, 
and often occurs near the margin of lowland humid and tropical forests at 100-780 m above 
sea level where the annual rainfall ranges from 1500 to 3000 mm, and temperatures from 13 
to 32 oC. Trees occur on a variety of soil types, including acidic ultisols in Queensland and 
red-yellow podsols in Indonesia. These soils have medium to low fertility and are well 
drained with acidic  pH (4.5-6.5) conditions. 
In SE Asia, A. mangium was introduced to Sabah, Malaysia, in 1966 (Ajik 2002; Council 
1983; Keong 1979; Midgley and Turnbull 2003; Ren H 2008; Udarbe and Hepburn 1987; Yap 
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1987), China in 1979 (Ren H 2008; Zhigang and Minquan 1987), Thailand in 1984 
(Boontawee and Kuwalairat 1987), Vietnam in the 1980s (Kha and Nghia 1991), and Laos in 
1988 (Latsamay 1991).  
Acacia mangium has played an important role in reforestation and land rehabilitation in Asia, 
due to high survival rates, generally good growth, and ability to compete with I. cylindrica 
grass on degraded land. Under good growing conditions, the MAI can reach up to 29 m3/ha in 
Sabah (Thomas and Kent 1987; Udarbe and Hepburn 1987). In Thailand, A. mangium is 
considered a potential tree for commercial plantations because of its high survival rate, 
straight stem, and fast growth in comparison with other species, including Eucalyptus 
camaldulensis and Leucaena leucocephala (Boontawee and Kuwalairat 1987). Eucalyptus 
camaldulensis, the most common plantation species in Thailand, has a slower growth rate, 
requires more water, and causes a depletion of soil fertility when compared to A. mangium 
(Malinen, Pisuttipiched et al. 2006).  
The demand for paper consumption has increase dramatically in the world, and A. mangium 
wood is an excellent for pulpwood. In comparison with other species, such as Nordic birch 
and eucalypts, A. mangium has emerged as an excellent feedstock to produce wood-free 
coating base paper due to roughness and less stiffness (Liu and Retulainen 2004).  
1.2.2 Plantation area 
The world’s Acacia plantations occupied 8.3 million ha by the year 2000, making up about 
4% of the forest plantation area, and about 96% of acacia plantations were in Asia (FAO 
2001a). In SE Asia, the Acacia plantation area has reached approximately 2 million ha 
(Yamashita, Ohta et al. 2008). There are over 1 million ha of A. mangium plantations in 
Indonesia (Arisman and Hardiyanto 2006), compared to 38000 ha in 1990 (Werren 1991). In 
Sabah, 21000 ha had been established by 1986 (Mohamad 1987), and a similar area had been 
planted in China to 1997 (Fangqiu, Zuxu et al. 1998). In 2007, there were approximately 
242000, 228000 and 150000 ha of acacia plantations established in China, Vietnam and 
Thailand, respectively (Luangviriyasaeng 2007). Thus, A. mangium has become an important 
species for plantations in tropical Asian countries and regions (Mead and Miller 1991; 
Sánchez 2009), especially China, India and Indonesia, which are among the top ten plantation 
owning countries in the world (Enters, Durst et al. 2004).   
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1.2.3 Productivity 
The productivity of A. mangium plantations has improved through selection of superior trees 
and establishment of breeding programs (Harwood and Williams 1991; Pinyopusarerk and 
Puriyakon 1987). In addition, the productivity has benefited from studies defining the 
ecological regions and sites suitable for A. mangium; for example, in China (Booth and Hong 
1991) and Vietnam where Thuyet et al. (2008) identified areas suitable for planting A. 
mangium to supply logs in North Vietnam. Improvement in silviculture and management of 
sites to maintain nutrient cycling and other environmental values has also contributed to 
plantation yield improvement (Hardiyanto, Anshori et al. 2004; Hardiyanto, Ryantoko et al. 
1999; Mok, Cheah et al. 1999). 
The productivity of industrial plantations has reached 29 m3/ha/year in Malaysia (Udarbe and 
Hepburn 1987), approximately 27 m3/ha/year in China (Zhigang and Minquan 1987), 13.7 
m3/ha/year (5.15 m H and 5.2 cm DBH, 2500 trees/ha) in a 2 year-old plantation in Thailand 
(Boontawee and Kuwalairat 1987), 37 m3/ha/year (6.55 m H and 7.6 cm DBH, 2500 trees/ha) 
in a 2.5 year-old plantation in Sri Lanka (Weerawardane and Vivekanandan 1991), and 44.5 
m3/ha/year was obtained at the end of the rotation (8 years) (15.4 m H and 18.9 cm DBH, 
1650 trees/ha) in the North of Vietnam (Kha and Nghia 1991).  
The yield has improved considerably with time. Recent yields from 4 year-old plantations in 
Sabah has achieved 63.5 m3/ha/y Mean Annual Increment (MAI) (Nykvist 1997). A 4 year-
old provenance trial has identified a potential provenance where the yield has reached over 76 
m3/ha/year (Nghia and Thu 2006). The yield of a 7 year-old plantation was 58.8 MAI even 
though the plantation was on poor soil at Klongsak in Thailand (Jumwong et al. 2008). 
There is a big gap between industrial and farm plantation productivity, for example, industrial 
productivity is three times  of farm productivity in the Philippines (Venn and Harrison 2001). 
Factors limiting productivity, for example soil fertility, climate and site preparation, have 
been being continuously studied to improve plantation productivity. Many soil infertility 
constraints can be overcame by applying fertilizer. 
1.2.4 Overcoming site fertility constrains  
Use of fertilizer 
In spite of the extent of industrial acacia plantations in SE Asia, the research effort 
underpinning fertilization is rather meagre and has tended to focus on macronutrients such as 
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P, N and K (Liu et al 2004, Majid and Paudyal 1999, Ryan et al. 1999). This is largely 
because early plantations in the wet tropics were established on fertile sites (Ahmad Zuhaidi 
and Weinland 2002). Later, as plantations were planted on more marginal sites, such as 
grasslands (Hardiyanto et al. 2004) and sites with sandy soils, incidence of soil infertility 
constraints become more apparent. Surprisingly, although micronutrient constraints have been 
widely recognized as requiring management in eucalypt silviculture in SE Asia (Bell and Dell 
2008; Dell, Malajczuk et al. 2001) they have been largely ignored in Acacia silviculture (Dell 
1997). One example is B deficiency which is common in A. mangium in parts of the 
Philippines, Laos, Thailand, south China, Indonesia and Vietnam (Dell unpub. data). The 
incidence of B deficiency is of concern because B is essential for strong leader development 
and normal wood formation. Boron deficiency can lead to crown dieback and stem defects. 
Research undertaken in Malaysia, investigating changes in foliar nutrient concentrations over 
time and with season (Majid and Paudyal 1999; Paudyal and Majid 1990; Paudyal and Majid 
2000), have provided a strong basis for foliar monitoring programs for tree nutrient status 
(Simpson et al. 1998, Specht and Turner 2006). Other nutrient-based research has addressed 
issues of nutrient cycling (Xu, Yang et al. 1998), nutrient status of seedlings (Guha 1988), 
alternative methods of monitoring nutrient status of seedlings (Sun, Simpson et al. 1992), 
nutrient accumulation in biomass (Mackensen, Klinge et al. 2003), iron requirement for 
nodulation (D. Lesueur, H.G. Diem et al. 1993) and cost-analysis for sustainable nutrient 
management (Mackensen and Fölster 2000). 
The use of phosphorus fertilizers and rock phosphate in A. mangium plantations varies 
considerably within the region. On poor soils with suitable climate, considerable benefits can 
be achieved through P application as shown (Figure 1.1). Umali-Garcia et al. (1988) reported 
that 150-300 g of urea applied per seedling improved growth at the Mania Seedling Bank 
plantation in the Philippines. In another example, 100 kg/ha of N fertilizer combined with 
other fertilizers increased the productivity of 2 year-old A. mangium plantations by up to 
179% in Dongmen, China (Simpson 1992). By contrast, Paudyal and Majid (2000) suggested 
that 600 kg/ha of urea (46% N) was adequate on Ultisols. The types of fertilizers and 
application rates commonly used are discussed further in Chapter 3. 
An understanding of the optimum fertilizer requirements and what is economic can only be 
achieved through undertaking fertilizer rates trials in the field over the range of site and soil 
types where plantations are to be established. Ideally, these trials should be monitored across 
rotations to determine the extent, if any, of topup fertilizer required to maintain productivity 
and soil fertility. 
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Figure 1.1: Effect of P2O5 fertilizer on growth of Acacia mangium at two sites in 
Malaysia. Kemasul – poor site, available P 6.18, Kerling – good site, available P 7.10 
mg/kg (From Majid and Paudyal 1999). 
Use of micro-organisms 
Acacias grown on N-deficient or P-deficient sites may benefit from the introduction of 
symbiotic N-fixing bacteria or mycorrhizal fungi, respectively(Binkley and Giardina 1997). It 
is estimated that some 40-80% of N used by Acacia species is derived from biological N 
fixation and up to 150 kg N/ha can be fixed annually (Binkley and Giardina 1997). One 
benefit from N-fixing bacteria is improvement in productivity as demonstrated with an Acacia 
hybrid (A. mangium x A. auriculiformis) where inoculation resulted in an additional 30% 
growth at age one and 20% at two years compared with non-inoculated controls (Huy and 
Chau 2004). As the organisms responsible for biological N fixation in acacias will be a 
significant component of this thesis, the topic is developed further in the following section. 
1.3	  Nitrogen	  fixing	  legume	  symbionts	  1.3.1	  Introduction	  
Rhizobia or root nodule bacteria (Rhizobia, Bradyrhizobia and related genera) in association 
with Acacia, can fix nitrogen from the atmosphere (Brockwell et al. 2005). Rhizobia are 
medium sized Gram-negative bacteria with rod-shaped cells than do not form endospores, and 
their width varies from 0.5 - 0.9 µm, and length about 1.2 - 3.0 µm. They are motile with a 
polar or subpolar flagellum, or 2-6 peritrichous flagellae. Depending on the age of the culture, 
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Gram-strained cells exhibit a uniform Gram negative reaction when young, while part of cells 
of the older cultures are not stained (Somasegaran and Hobenn 1994). 
Nitrogen fixation occurs in specialized structures on the root know as root-nodules, which are 
formed via interaction between rhizobia and the host.  The initiation of the legume-
microsymbiont symbiosis requires that rhizobia recognize and respond to their specific host 
legume and plant-produced flavonoids are the first signal in this complex interaction 
(Stougaard 2000). The rhizobial nodulation (nod) genes are activated by these flavonoids and 
this results in the production of and secretion of lipochitin-oligosaccharides, known as Nod 
factors (Stougaard 2000). 
Root nodule morphology can be divided into four categories; globose, coralloid, elongate with 
branching, and elongate with delicate. Generally, effective nodules are usually the coralloid 
type with pink internal colour  from the presence of leghaemoglobin (Brockwell, Searle et al. 
2005). 
These bacterial Nod factors induce morphological changes in the legume root hairs, 
specifically root hair deformation and curling (Ferguson and Mathesius 2003). Not all 
legumes have root hairs but those that do follow the pattern described below. As the root hair 
curls, rhizobia attached to the hair are trapped within the curl and modification of the plant 
cell wall begins. This results in the formation of a tube-like structure known as an infection 
thread through which the bacteria can infect the root. The infection thread grows towards the 
nodule primordium (formed by the dividing inner cortical cells) and the bacteria which have 
been growing and dividing inside the infection thread are released into the primordial cell 
(Gurts and Bisseling 2002). Once the rhizobia are released into the nodule primordia, nodule 
development proceeds and the bacteria differentiate into their endosymbiotic form, the 
bacteriod. These bacteriods symbiosomes begin to fix N from the atmostphere. A micro-
anaerobic environment must be sustained in the root nodules as the nitrogenase enzyme 
complex is permanently inactivated by oxygen (Gage 2004). The plant provides sugars as a 
carbon and energy source as well as protection from environmental stress to the bacteria while 
having access to the N fixed by the microsymbiont.    
When rhizobia are not symbiotic with the host, they mostly live on the root surface and in the 
rhizosphere and are a microbial component of the soil (Somasegaran and Hobenn 1994). The 
number of rhizobia populations in soil varies depending on soil parameters (Bala, Murphy et 
al. 2003b). One gram of soil can contain as high as 2.3x105 cells, or very few or absent  
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especially in soil where native legumes have been removed in clearing land for agriculture 
(Thrall, Murray et al. 2001). 
Rhizobia include fast-growing and slow-growing bacteria. They are presently classified into 6 
genera: Rhizobium, Bradyrhizobium, Sinorhizobium, Mesorhizobium, Azorhizobium and 
Allorrhizobium (Brockwell, Searle et al. 2005; Leary, Singleton et al. 2006). However, some 
new taxa have been named recently due to the development of phylogenetic tools such 16S 
rDNA sequences. The nitrogen-fixing legume symbionts now consist of 44 species across 12 
genera, divided into 9 groups, in two classes, Alphaproteobacteria and Betaproteabacteria 
(Sawada, Kuykendall et al. 2003). 1.3.2	  N-­‐fixing	  bacteria	  in	  Acacia	  
Acacias and rhizobia form partnerships in fixing N from the atmosphere. Acacia species make 
up 6-7% of legume species which overall are estimated to fix approximately 70-100 million 
tonnes of N annually (Brockwell, Searle et al. 2005). There can be a high diversity of soil 
rhizobia present in stands where Acacia are planted. Many of them, however, do not form 
nodules with the host or are not able to fix N2 (Brockwell, Searle et al. 2005). 
Four genera of rhizobia have been recorded forming nodules with acacias (Leary, Singleton et 
al. 2006). Some Acacia species, such as A. auriculiformis, are spontaneous hosts and can form 
nodules with various rhizobia.  Other species, however, can only form nodules  with the 
specific N2-fixing bacteria of their host, for example A. mangium (Galiana, Chaumont et al. 
1990). Additionally, some Acacia species do not become nodulated with any rhizobia. 
Therefore, it is important to screen rhizobia for compatibility with the host in the greenhouse, 
nursery and field before implementing an inoculation program for acacia plantations.  
In the 1980s, Umali-Garcia et al. (1988) used four local isolates, Am2, Am5, Am9 and Am10, 
isolated from nodules of A. mangium in the Philippines and NA 1533 strain from Australia to 
screen compatibility with A. mangium in un-amended but limed soil under nursery. Strains 
Am2 and Am10 significantly promoted seedling growth over the control, whilst there were 
almost not effects of strains Am5 and Am9 on the growth under the un-amended soil 
condition. Lime encouraged the growth of seedlings, and when seedlings inoculated with 
Am10 were also limed, doubled in the height compared to the control seedlings. These 
workers concluded that A. mangium on grassland sites should be inoculated with the Am2 
strain. Furthermore, Am10 and NA 1533 strains were found to be the most suitable for 
moderate acidic to neutral soils.  
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Galiana et al. (1990) explored potential rhizobia for A. mangium and A. auriculiformis. They 
tested 10 strains, eight Bradyrhizobium and two Rhizobium (Table 1.2), and reported that A. 
mangium only formed effective nodules with a restricted range of Bradyrhizobium spp. 
strains, whilst A. auriculiformis was a promiscuous host.  
Table 1.2: Strains screened with A. mangium and A. auriculiformis (Galiana et al. 1990). 
 
Strain genus Strain No. Host plant Source 
Bradyrhizobium 13c Acacia mangium Australia 
 23c A. mangium Australia 
 AG3 A. mangium Cote d’Ivoire 
 PBG3 A. mangium Cote d’Ivoire 
 BayeIR A. mangium Senegal 
 ORS 800 A. holosericea Senegal 
 TAL 72 Albizia falcataria Mexico 
 CB 756 Macrotyloma africanum Zimbabwe 
Rhizobium PJ 12 Prosopis juliflora Senegal 
 TAL 1405 Leucaena leucocephala - 
 
Galiana et al. (1994) confirmed that inoculated trees increased their growth by 9 - 26% after 6 
months in the field in Ivory Coast, and the most effective strain was Aust 13c. This strain 
persisted in nodules of inoculated plant for at least 42 months.  
A few years later, Fremont et al. (1999) screened seven Bradyrhizobium strains isolated from 
nodules of A. mangium grown in Telupid district (Sabah) (Tel 2, Tel 6 and Tel 8 strains) and 
Luasong district (Saba) (Nlu 3 and Nlu 5) and two cultures of Galiana, Aust. 11c and Aust 
13c. The strains Aust 13c and Aust 11c were the most promising, with the largest enhanced 
growth, by up to 40 and 45% higher than control plants, respectively, at age of 3 months in 
the glasshouse. In the nursery, seedlings inoculated with these strains grew 21% higher than 
control plants at 4 months. Seedlings inoculated with Aust 13c grew 16% higher than control 
seedling after 4 months in the field, whereas the positive effect of Aust. 11c on growth 
disappeared. Strain Nlu 3 slightly enhanced the growth of seedlings under glasshouse and 
nursery condition, but this effect was not sustained under field conditions. 
The effective strain, Aust 13c also promoted growth and was a highly competitive strain 6 
months after transplanting in the field in Madagascar (Prin et al. (2003). According to Turk at 
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al. (1993), Acacia when planted into soil with natural populations of under 50 cells of 
rhizobia per gram, will benefit from artificial inoculation with rhizobia. The range of N-fixing 
bacteria associated with different Acacia species are given below (Table 1.3).   
Table 1.3: Rhizobia strains associated with Acacia species. 
Genus Specific name Host Reference 
Rhizobium R. hainanense Acacia sinnicus Sprent (2001b) 
Bradyrhizobium B. liaoningense A. saligna Wolde-meskel et al.  
(2005) 
 B. japonicum A. saligna Wolde-meskel et al.  
(2005) 
 B. sp. A. mangium, and A. saligna Zhang et al. (1991), 
Dupuy et al. ( 1994), and 
Wolde-meskel et al.  
(2005) 
Shinorhizobium S. arboris A. senegal Nick et al. (1999) 
 S. kostiense A. senegal Nick et al. (1999 
 S. saheli A. senegal Sawada et al. (2003) 
 S. teranga A. senegal, A. laeta, A. 
raddiana, A. horrida, A. 
mollissima, A. seyal, and 
other Acacia spp. 
De Lajudie et al. (1994) 
Mesorhizobium M. plurifarium A. senegal, A.  tortilis subsp. 
raddiana 
De lajudie et al. (1998) 
Allorhizobium A. undicola A. senegal, A. seyal, A. 
tortilis subsp. raddiana 
Sawada et al. (2003) 
Orchrobactrum Ochrobactrum sp. A.  mangium Ngom et al. (2004) 
1.4	  Melville	  Island,	  forestry	  and	  Acacia	  mangium	  plantations	  	  
Melville Island is the second largest Island in Australia after Tasmania, with the land area 
570000 ha. The island is a part of the Tiwi Islands in tropical Australia (Figure 1.2) and 
located in north Darwin. The land is of low relief, averaging about 20 m above sea level. The 
annual rainfall is approximately 1750 mm, and mostly distributed between December and 
March (Figure 1.3). The mean annual temperature is around 25 oC. The soil is mainly deep 
and leached laterites formed on Tertiary sandstones and Cretaceous siltstones. 
The islands are inhabited by the Tiwi people, a separate culture from the indigenous people on 
the mainland. In 2006, the total population of Melville Island was a little less than 1000, and 
most people lived in two villages, Pirlangimpi and Milikapiti. The Tiwi Islands Shire Council, 
created under legislation by the Northern Territory Government in 2008, administers the two 
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islands. The Tiwi Land Council assists the Traditional Owners to manage their land, sea and 
culture. 
Figure 1.2: Map of Tiwi Islands showing the extent of Acacia mangium 
plantations on Melville Island (the larger of the two islands) in 2006. [Source: 
http://www.tiwilandcouncil.net.au/Publications/tiwi%20forestry%20story.pdf] 
Forest products have been an important part of the island’s economy for many years. 
Sawmills were established on Melville Island as early as the 1890s. During the 1960s and 
1970s CSIRO undertook silvicultural and species selection trials on Melville Island. In the 
1980s, the Tiwi Land Council together with the private sector established a softwood business 
based on small plantations of Callitris intratropica and Pinus caribaea var. hondurensis that 
had been established two decades earlier.  
The history of the establishment of Acacia plantations on Melville Island have been 
summarized by Henson (2008), Midgley (2005), Yuan (1996) and 
www.savannahequipment.com.au (27 January 2010). Trial plantings were established in 1997 
including 200 ha of A. mangium along with other species, in order to explore suitable sites 
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and appropriate silvicultural operations for future large scale industrial plantations. It was 
concluded that A. mangium was the most promising species because of its high growth rate 
compared with other species. 
 
 
 
 
 
 
 
 
Figure 1.3:  Rainfall data from Milikapiti (1959-1997). [Source: Henson (2008)] 
 
In 2001 approval was given to the Australian Plantation Group Pty Ltd (later named 
Sylvatech) and the Tiwi Land Council to develop 26000 ha of plantations on Melville Island. 
In 2004, Sylvatech was acquired by Great Southern Ltd. Unfortunately, 4000 ha of plantations 
were destroyed by a cyclone in 2005. According to the Managed Investment Scheme 
prospectus, the rotation period was anticipated to be 8 – 10 years, with an annual harvest of 
approximately 3500 ha after 2012 – 2013. During the course of the research for this thesis, 
Great Southern Ltd went into voluntary administration and then receivership in 2009 with 
about 30000 ha of plantations. In early 2010, the Tiwi Land Council was unsuccessful in 
attracting Commonwealth funding for maintenance of the plantations. At the time of writing, 
the Tiwi Plantations Corporation is exploring options for the plantation sector on Melville 
Island. 
Internal reports of Sylvatech and Great Southern Ltd showed that considerations had been 
placed on plantation establishment, silvicultural management, spacing, site preparation, site 
factors such as soil nutrients and rainfall, and tree genetic. However, tree growth has been 
disappointing and is anticipated not to meet the expected productivity (20 m3/ha/year). Mean 
annual volume increment (MAI) may be as low as 5 m3/ha on sandy soils.  MAIs of 20 - 25 
m3/ha were predicted under adequate fertilization, but not on all sites (Midgley 2005). The 
yield is likely to be far lower than the yield in much of the SE Asian region (Chapter 3). 
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1.5	  General	  conclusions	  
There is a considerable body of knowledge concerning the silviculture of A. mangium in SE 
Asia and some other regions of the world. However, the site conditions on Melville Island are 
likely to be different from those experienced in the wet tropics where the dry season is absent 
or short in duration. Therefore, silvicultural prescriptions have to be developed specifically 
for Melville Island. The beneficial role of biological N fixation for legumes is well known and 
intensively researched for grain and other crop legumes. However, there is less understanding 
of biological N fixation in acacia plantations, and there does not appear to be any commercial 
inoculation program for acacias in industrial plantations. 
The A. mangium plantations on Melville Island are in the first rotation. Unpublished 
observations (Chapter 3) suggested that the trees are not always adequately provided with 
nutrients. Given the sandy texture of the soils it is possible that N is a limiting factor as only a 
small amount of N was applied in the fertilizer mix at planting and planting stock are not 
inoculated with rhizobia. There is also concern that productivity targets may not be realized 
when the plantations are harvested. 
Therefore, the aims of the thesis are: 
1. To determine the ability of root nodule bacteria previously isolated from Acacia spp. 
in Western Australia to effectively nodulate A. mangium. 
2. To investigate the diversity of rhizobia present on Melville Island, using A. mangium 
as a trap host. 
3. To determine the extent to which N may be limiting establishment of A. mangium on 
Melville Island. 
4. To determine whether inoculation with compatible Bradyrhizobium strains is desirable 
for improving the N status of trees in the field after outplanting.  
The research was underpinned by the following hypotheses: 
• A. mangium forms functioning root nodules with a limited range of rhizobia. 
• Nitrogen limits the early growth of A. mangium on Melville Island. 
The structure of the thesis is indicated in Figure 1.4. 
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Figure 1.4: Structure of the thesis. 
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Chapter 2: Screening compatible rhizobia for Acacia mangium 
and diversity of rhizobia on Melville Island 
2.1 Introduction 
Free-living soil rhizobia can form root nodules with leguminous trees, in which atmospheric 
nitrogen (N) is converted into ammonia by the bacterial nitrogenase enzyme. Plants use the 
ammonia to synthesise protein and provide carbohydrates and nutrients for the bacterial 
microsymbiont. Effective nodules can be identified by the presence of the protein, 
leghaemoglobin. If nodule interiors are red or pink in colour, this indicates the presence of 
lehaemoglobin and the nodules are classed as effective. In contrast, nodules without 
leghaemoglobin, or quite small amounts, are classified as  ineffective (Somasegaran and 
Hobenn 1994). 
Some progress has been made to identify rhizobia that can effectively nodulate some groups 
of leguminous trees (Dreyfus and Dommergues 1981; Somasegaran and Hobenn 1994). For 
the subgenus Acacia, woody plants that are widely planted for commercial plantation and land 
rehabilitation, seedlings inoculated with effective strains of rhizobia may improve their 
growth and secure a reliable source of N for plants to grow in degraded land (Thrall, Murray 
et al. 2001), and to increase plantation biomass (Lal and Khanna 1996). Consequently, 
research has explored both slow and fast growing rhizobia isolated from the host or soil as 
potential inoculants for woody acacia species. For example, Dreyfus and Dommergues (1981) 
grouped thirteen Acacia species, A. senegal, A. bivenosa, A. albida, A. linarodes, A. pyrifolia, 
A. seyal, A. tumida, A. farnesiana, A. holosericea, A. raddiana, A. mearnsii, A. nilotica var. 
Neb-neb, A. nilotica tomentosa and A. sieberiana into 3 groups that were compatible with 
rhizobium strains. Souvannvong and Crémière (1986) [cited in (Galiana, Gnahoua et al. 1998) 
isolated 50 strains from nodules originating from natural Acacia stands or countries where 
they had been widely introduced. Galiana et al. (1990; 1994) then screened four of the strains 
in combination with other strains isolated from Acacia mangium, A. holosericea in Senegal, 
Albizia falcataria in Mexico, and Macrotyloma africanum in Zimbabwe for A. mangium and 
A. auriculiformis. In 1988, Umali-Garcia et al. (1988) inoculated A. mangium with 3 local 
isolates while Woldemeskel and Sinclair  (1998) screened eight rhizobium strains originating 
from A. tortilis, A. albida, A. nilotica kraussiana and A. nilotica tomentosa on Acacia nilotica. 
The Bradyrhizobium strain Aut 13c, isolated from nodules of A. mangium in Queensland, 
Australia, has been identified as a promising effective strain to inoculate A. mangium 
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(Galiana, Chaumont et al. 1990). This strain was shown to fix N2 in the field, and persit in the 
soil for 42 months. Marsudi (1997) identified and characterised strains associated with A. 
saligna from South-Western Australian soils. However, in spite of all these studies,  a 
commercial inculant strain for A. mangium in yet avaiable.  
In the last ten years, some work has been carried out on methods of inoculation with rhizobia 
or co-inoculating rhizobia with mycorrhizal fungi to optimise inoculation for Acacia species 
under in-vitro conditions as well as in green-house, nursery or field trials (Diouf, Forestier et 
al. 2003; Galiana, Prin et al. 1994; Jayakumar and Tan 2005; Sarr, Diop et al. 2005; Weber, 
Ducousso et al. 2005; Weber, Tham et al. 2007). Research groups have also examined the 
rhizobial in soil population at some restoration sites planted with acacias and plantations, as 
well as in areas of degraded land (Faye, Sall et al. 2007; Marsudi 1997; Raddad, Salih et al. 
2005; Räsänen, Sprent et al. 2001; Roux, Tentchev et al. 2009; Sarr, Neyra et al. 2005). These 
rhizobia were then identified and authenticated. The diversity of rhizobia in planted stands or 
associated with native legume species were obtained by using trap hosts, indigenous or 
introduced leguminous tree species. Alternatively, the rhizobium diversity was defined by 
collecting nodules from legumes growing there. For example, two hundred and forty one 
rhizobial isolates were characterised by Wolde-meskel et al. (2004) using A. seyal, A. tortilis, 
and Faidherbia albida species  as trap hosts from 14 different soil samples in Southern 
Ethiopia. Wolde-meskel et al. (2005) and Zhang et al. (1991) identified 195 and 37 strains, 
respectively, which were isolated from nodules of agro-forestry legume species. Bala et al. 
(2003a), Dupuy and Dreyfus ( 1992) and Marsudi et al. (1999) also characterised the diversity 
of soil rhizobia by using the trap host method. 
While some studies have investigated at the diversity of soil rhizobia under Acacia, very little 
research has examined the diversity of soil rhizobia associated with A. mangium. On Melville 
Island,  A. mangium plantations are being planted by Great Southern Ltd (Chapter 1) in areas 
where native Acacia spp. were present. It is crucial to understand the diversity of the native 
rhizobial population as it has been shown that plants inoculated by their own rhizobia grew 
better than trees inoculated by rhizobia originating from other hosts (Murray, Thrall et al. 
2001). Therefore, the aims of this chapter are to:  
1. Determine the ability of rhizobia bacteria previously isolated from Acacia spp. to 
effectively nodulate and A. mangium roots and fix N2. 
2. Investigate the diversity of rhizobia already present on Melville Island, using A. 
mangium as a trap host. 
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2.2	  Materials	  and	  methods	  
The protocols used in this experiment were modified from Brockwell et al. (2005), Gibson 
(1980), Marsudi (1997) and Somasegaran and Hobenn (1994).  2.2.1	  Experiment	  1	  
The aim of this experiment was to determine the ability of 6 existing rhizobium strains to 
nodulate roots of Acacia mangium in a glasshouse trial and effects on its growth . 
a) Experiment design 
The experiment was conducted in a temperature controlled glasshouse at Murdoch University 
from June to September. It consisted of eight treatments; six rhizobium strains, a N-fed 
control and a N minus control. The trial was set up in six replicates and the treatments were 
set up as a randomized complete block design designed by the Cycle Design Program.  
b) Potting preparation 
Fifty black pots, 16 cm in height and 14 cm in diameter, were used for the experiment. The 
pots were lined with plastic bags into which some drainage holes were made and covered with 
plastic mesh to prevent loss of potting mix. They were then filled with 1 kg of yellow river 
sand. The pots were all steamed and pasteurised twice for 3-4 hours at 65-70 oC. They were 
then placed on benches in a glass house with gaps between pots to prevent cross 
contamination from water drainage. The pots were marked with a sterilized plastic label and 
25 mm-autoclaved PVC tubes were put in the centre of each pot to supply water and nutrient 
solution for the experiment (Figure 2.1). The pots were then watered till start appearing water 
drainage (water-holding capacity).  
c) Seed surface sterilization and germination 
Seeds of Acacia mangium provided by Great Southern Ltd were sorted by hand for uniformity 
according to colour, shape and size. They were imbibed in boiling water (100 oC) for 30 
seconds, and then surface sterilized by rinsing them in 95% (v/v) ethanol for 30 seconds and 
immersing in 3% (v/v) sodium hypochlorite solution for 3 - 5 minutes afterwards. The seeds 
were rinsed in sterilized deionized-water 6 times. After the sixth rinse, the seeds were picked 
by using a pair of sterilized forceps and quickly flamed to evaporate water. The seeds were 
then placed on 0.75% (w/v) water agar in Petri dishes. Ten seeds were placed in each petri 
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dish. The dishes were stored vertically to provide straight radicles and incubated at 28 0C for 4 
- 5days until the length of the radicles reached 1.3 - 1.5 cm. 
d) Sowing seeds into pots 
Three germinated seeds were transplanted into each of the pots. Three 2 cm diameter holes 
were made in the sand to a depth of 1 cm. Germinated seeds were transferred into each hole 
by using sterilized forceps.  The holes were then filled with vermiculite which had been 
sterilised by autoclaving.  
e) Inoculation 
Six strains of rhizobial bacteria provided by the Centre for Rhizobium Studies (CRS), 
Murdoch University, were used to test for rhizobia compatibility with A. mangium. Details of 
the strains are given in Table 2.1. 
The strains were re-cultured on Tryptone-Yeast (TY) medium for 5 - 7 days. To produce the 
inoculum, a single colony was taken and transferred to 30 ml TY broth culture. The cultures 
were grown at 28 0C for 7 days on an orbital shaker at 200 rpm until the cells reached a 
density of 108 - 109 cells per ml. Cell counting was performed on each inoculum to ensure that 
108 - 109 cells were applied to each seedling.  
After transplanting the germinated seeds into holes, each hole was inoculated with 1 ml of the 
culture suspension, and control seedlings were given an equal volume of saline solution. After 
inoculation, the pots were covered by 2 cm of sterilized perlite to avoid cross contamination 
and reduce moisture loss by evaporation from the pots. 
Table 2.1: Treatment and rhizobia strains used for the experiment. 
Treatment 
# 
Strain Collection host Site of collection 
1 3a23 A. acuminata North West Australia 
2 WSM 2250 A. acuminata North West Australia 
3 WSM 1706 A. acuminata North West Australia 
4 6a12 A. acuminata North West Australia 
5 WSM 1743 A. acuminata North West Australia 
6 WSM 2248 A. acuminata North West Australia 
7 Plus N   
8 
Minus N 
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f) Maintenance 
The seedlings were maintained in a glasshouse for 12 weeks from June to September 2008, 
the glass house temperature was controlled between 20 - 28 oC in the day, and 15 - 19 oC 
during the night. All seedlings were watered on alternate days with 60 ml sterilized deionised 
water or one fourth strengthen N-free nutrient solution (Appendix 2.1) via the tube placed in 
the centre of each pot. The +N control seedlings received 60 ml 0.05% KNO3 weekly. 
g) Harvesting 
After twelve weeks of growth, all seedlings were harvested to assess colonization and 
potential N fixation of the inoculant strains with A. mangium based on plant characteristics 
and appearance of the root systems. Seedlings were washed gently under flowing water, and  
   
Figure 2.1: The open pot system used for screening rhizobia compatible with A. 
mangium. One kg of steamed pasteurised yellow river sand was placed in each black pot, 
covered by sterilized perlite. Nutrient solution and water were supplied through the 
sterilized tubes. They were maintained in a glasshouse from June to September 2008. 
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the rooting medium was dislodged into a coarse sieve. Shoots and roots then were separated, 
stored in paper bags, and dried in an oven for 72 hours at 60oC. The following characteristics 
of plants and root nodules were recorded: leaf colour, nodule number, nodule shape, nodule 
size and distribution of nodules (Figure 2.2). 
  
Nodule types: (a) globe, (b) coralloid, (c) elongate with 
branching, (d) elongate, delicate [Corby (1971) cited in 
(Brockwell, Searle et al. 2005)] 
 
Nodule distribution: (1) main root, (2) lateral root , (3) 
scattered root , (4) rhizosphere root (Somasegaran and 
Hobenn 1994) 
 
Figure 2.2: Typical shapes and distribution patterns of root nodules. 
h) Data analysis 
One-way ANOVA was used to analyse the effectiveness of strains inoculating Acacia 
mangium seedlings based on root dry weight, shoot dry weight and total plant dry weight. The 
significant differences between treatments were determined using Duncan’s Multiple Range 
Test (Gomez and Gomez 1984). The SPSS Program V. 17.0 was used to analyse the data.  2.2.2	  Experiment	  2	  
The aim of this experiment was to investigate the diversity of rhizobia natively present on 
Melville Island, using A. mangium as a trap host. 
a) Experiment design 
The experiment was a random completed block (RCB) design consisting of 22 treatments and 
was replicated 3 times, each replication was divided into 5 units, and each unit had 5 plots. 
The experiment was set up in a temperature controlled glasshouse at Murdoch University. 
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b) Soil sampling 
Soil samples, approximately 100 g each at 0 – 15 cm depth, were collected from the 
rhizosphere of acacias from 20 locations on Melville Island (Table 2.2). One bulk soil sample 
was collected from each site. The sites were located in Kilu Impini, Yapinika, and Shark Bay, 
where there were either native species of acacia or exotic A. mangium, A. auriculiformis, or A. 
crassicarpa plantations. The samples were taken in June during the dry season, stored in zip 
lock bags, transported to Murdoch University and kept at 4oC until use. 
Table 2.2 Soil samples collected to trap rhizobia for Experiment 2. 
Sample 
number 
Sample code Plantation 
age 
Location name Location 
(52UTM) 
Comments 
1 KI77 A. crassicarpa 3 years old Kilu Impini 77 0659058, 8738176  
2 KI77 Native*  Kilu Impini 77 0659102, 8738104 Woollybut/stringyb
ark tall forest, 
abundant native 
acacias 
3 KI77 A. mangium 3 years old Kilu Impini 77 0665986, 8729066  
4 KI Native 3 (2005)  Kilu Impini 0665971, 9729069 Native acacias not 
identified 
5 KI Native 2 (2003)  Kilu Impini 0666538, 8730612 Tall forest, acacias 
not identified   
6 KI Native 1 (2004)  Kilu Impini 0665494, 8729791 Tall forest, acacias 
not identified 
7 KI A. mangium 2005 2 years old Kilu Impini 4 0666061, 8729129  
8 KI A. mangium 2004 3 years old Kilu Impini 78 0666583, 8729998  
9 KI A. mangium 2003 4 years old Kilu Impini 43 0666538, 8730612  
10 Yapilika 36 A. crassicarpa 20 years old Yapilika 36 0673627, 8722036  
11 Yapilika 36 A. mangium 20 years old Yapilika 37 0673536, 8722050  
12 + N     
13 Yapilika 48 A. crassicarpa 2 years old Yapilika 48 0673705, 8720094  
14 Yapilika 48 A. mangium 2 years old Yapilika 48 0673732, 8720064  
15 Yapilika 48 Native  Yapilika 48 0674218, 8720459 Bloodwood and 
stringybark forest, 
A. difficilis 
16 Yapilika48 A. auriculiformis 2 years old Yapilika 48 0673757, 8720046  
17 Yapilika28 A. auriculiformis 20 years old Yapilika 28 0671538, 8721574  
18 Yapilika 28 Native  Yapilika 0671490, 8721497 Swampy area, 
acacias not 
identified  
19 Yapilika 28 A. mangium 3 years old Yapilika28 0671559, 8721585  
20 Shark Bay Native  Shark Bay 0666802, 8739286 Acacias not 
identified 
21 Shark Bay A. mangium 1 year old Shark Bay J 0666882, 8739287  
 
* refers to presence of native woody acacias 
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c) Potting preparation, planting and maintenance 
The processes of potting and germinating and sowing seeds were described in Experiment 1 
(2.2.1.b). Sixty six pots were prepared for the experiment, which was maintained in the 
glasshouse as in Experiment 1 for 10 weeks. 
d) Inoculation of soil rhizobia 
One gram of each soil sample was mixed with 9 ml of 0.89% (w/v) sterilized saline solution 
to form uniform soil suspensions. One millilitre of the suspension was pipetted onto the young 
roots of each seedling. After inoculation, autoclaved perlite was used to cover the pots to 
avoid cross contamination and to reduce moisture loss. 
e) Harvesting 
After 10 weeks, the seedlings were carefully removed from pots and washed gently under 
flowing tap water to dislodge rooting madium into a coarse sieve. The shoots and root nodules 
were characterised as described in Experiment 1 (2.2.1g). Three nodules were collected from 
each seedling for subsequent rhizobia isolation. The nodules were stored in tubes containing 
0.89% (w/v) sterile saline solution and stored at 4oC for short periods or stored on silica gel 
for long-term storage at room temperature. 
f) Surface sterilization of A. mangium nodules 
Approximately 540 nodules were collected from 66 A. mangium plants for the isolation of 
root nodule bacteria (RNB). All nodules were surface sterilized and crushed in a laminar flow 
cabinet. Desiccated nodules were rehydrated in sterile saline solution for a few hours at room 
temperate or overnight at 4 oC prior to crushing.  
The nodules were immersed in 95% (v/v) ethanol for 30 seconds and then immersed in 3% 
(v/v) sodium hypochlorite (NaOCl) for 3-4 minutes. The nodules were rinsed 5 - 6 times in 
sterilized deionized-water. Finally, the nodules were placed in drops of sterilized 0.89% (w/v) 
saline solution on Petri dishes. 
g) Isolating and purifying root nodule bacteria 
The nodules were crushed gently with sterilized bamboo sticks and then the suspension was 
streaked as 3-4 lanes on Tryptone-Yeast (TY) medium plates according to the method by 
Somasegaran and Hobenn (1994). The plates were incubated at 28 oC for 4-10 days and 
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observed daily for the appearance of colonies. Single, well-isolated colonies were selected for 
re-streaking and purification for several times. Pure isolates were gram stained to confirm the 
Gram reaction. 
h) RPO1-PCR method 
The bacterial DNA was amplified using the RPO1 primer (Rhichardson, Viccars et al. 1995). 
The PCR amplification was carried out in a 20 µl reaction volume containing 1 µl of bacterial 
cells adjusted to OD 6 at 600 nm (Spectrophotometer Hitachi U-1100 – CRC, Murdoch 
University), and 19 µl PCR reaction regents consisting of 4 µl Buffer X5, 12.3 µl of PCR 
water, 1.2 µl MgCl2 50 nM, 1 µl of RPO1 primer, and 0.5 µl Taq polymerase. The 
amplifications were performed using an iCycler thermal cycling instrument (BioRad, USA). 
The PCR cycling conditions were as follows: 1 cycle at 95 oC for 5 mins, after that 5 cycles 
comprising of 3 steps; step 1: 94 oC for 30s, step 2: 50 oC for 10s and step 3: 72 oC for 1.30 
mins, followed by 30 cycles of 94 oC for 30s, 55 oC for 25s and 72 oC for 1.30 mins, and the 
final cycle for 5 mins at 72 oC. The amplification products were stored at 4 oC. 
The PCR products were visualized on 1% agarose gels including 1xTAE buffer [diluted from 
50x TAE buffer in 1 litre consisting of 242 g Tris, 57.1 ml Glacial Acetic Acid (GAA), and 
18.612 g EDTA or 100 ml 0.5 M EDTA solution, the pH of buffer adjusted to 8.0 by GAA]. 
Then 2.5 µl of 10000x SYBR Safe DNA gel stain was added in a 30 ml agarose gel to 
visualize the DNA product. PCR products were electrophoresced at 80 V for around 2 hours 
and images captured using a Gel Doc 2000 (BIO-RAD) system. 
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2.3	  Results	  2.3.1	  Experiment	  1	  
The effect of inoculation with rhizobial bacteria on growth of A. mangium seedlings in 
Experiment 1 was recorded using shoot and root dry weights, leaf colour and shape, and the 
size and distribution of root nodules. 
Leaves of seedlings that were inoculated by strain WSM 2248 and the nitrogen control were 
dark green in colour. This indicated that strain WSM 2248 had formed effective nodules with 
Acacia mangium seedlings with successful nitrogen fixation. The leaf colour of seedlings 
inoculated by strains, 3a23, WSM 2250, WSM 1743, 6aa2, and WSM 1705 were yellow, 
similar to those of the minus N control. Seedlings inoculated with strain WSM 2248 formed 
predominantly delicate nodules (Figure 2.3) on the tap root. Some globe nodules were also 
formed on lateral roots. The majority of nodules were around 2 mm in length. The nodules 
were generally grayish pink and brown in colour. Seedlings inoculated with the other five 
strains formed tiny nodules on lateral roots, and a few plants did not have any nodules. 
Nodules were not obserded on the plus and minus N treatment plants, indicating that 
contamination did not occur. 
  
 
Figure 2.3: Seedling and root nodules of A. mangium inoculated with strain WSM 
2248. 
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There were significant differences between inoculated treatments and non-inoculated 
treatments (P<0.05) in terms of shoot and root dry weight [Figure 2.4 and Appendix 2.2 
(detail shoot and root dry weight)]. The seedlings inoculated with rhizobium strain WSM 
2248 or supplied with nitrogen had significantly higher shoot and root dry weights than 
seedlings inoculated with the other root nodule bacteria and the -N treatment. 
 
Note: Treatments with the same letter are not significantly different according to the Duncan 
test at Alpha = 0.05. Bar = standard deviation (n = 5). 
 
There was no significant difference between WSM 2248 and the Plus Nitrogen treatment 
(Figure 2.4), despite the fact that the shoot and root dry weights of the seedlings in the Plus 
Nitrogen treatment were 10.7% and 2.8% higher, respectively, than the WSM 2248 treatment. 
The seedlings inoculated with strain WSM 2248 increased shoot and root by 524% and 234% 
dry weight above the uninoculated –N control treatment. 
Shoot and root dry weights of seedlings inoculated with strains, 3a23, WSM 2250, WSM 
1743, 6a12, and WSM 1706 were not significantly different from the -N control treatment 
(Figure 2.4).  2.3.2	  Experiment	  2	  
Seedling appearance  
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At 10 weeks, A. mangium seedlings which were inoculated with soil suspensions showed a 
notably different appearance in terms of stem and leaf colour. Seedlings which were 
inoculated with soil samples 3, 10, 11 and 18 (Figure 2.6) were larger and dark green, 
whereas seedlings inoculated with soil samples 5, 20, and 21 (Figure 2.6) were smaller and 
had yellow leaves. Seedlings inoculated with the other soil samples were intermediate with 
colour ranging from yellow to light green, with occasional dark green leaves in a single pot. 
Plant growth 
Shoot dry weights (Figure 2.7) of seedlings inoculated with soil suspensions from sites 3, 10, 
11 and 18 were similar to the +N control seedlings and were significantly greater than the –N 
control seedlings (No. 3, 589%; No. 10, 579%; No. 11, 533% and No 18, 477% greater shoot 
dry weights). 
Nodule morphology 
Generally, nodules on A. mangium seedlings inoculated with Melville Island soils were 
observed on the main root (taproot) and lateral roots, and were elongate, delicate types. No 
nodules were observed on roots in the -N control treatment, indicating that contamination did 
not occur in the media. 
Nodules in the larger, healthy, dark green seedlings, from soil samples 3, 10, 11 and 18, 
occurred mostly on the main root (Figure 2.8), and they were mostly medium to large in size 
and red-brown in colour. The small yellow seedlings inoculated with soil suspensions 5, 20 
and 21 had few small, brown nodules on the lateral roots. Plants in other treatments had 
nodules on both the main and lateral roots (see example 8; Figure 2.8). 
 
    
3 10 11 18 
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Figure 2.6: Ten week-old A. mangium seedlings inoculated with soil suspension from 
soils collected at various Melville Island sites. #3: (3 year-old A. mangium plantation), 
#10: (20 year old A. crassicarpa plantation), # 11: (20 year-old A. mangium plantation), # 
18: (native forest), #5: (under native forest), #20: (Shark bay native forest), # 21: (1 year-
old A. mangium plantation), and –N: Control treatment without inorganic N. Table 2.3 
has further site information. 
    5 20 21 -N 
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Figure 2.8: Nodules on the main and lateral roots (red shape). Seedlings were grown 
with soil suspension of Yapilika native forest (18) and 3 year-old A. mangium plantation 
(8) soil (details in Table 2.3). 
18 8 
 
 31 
 
 
Isolates 
In total, 257 rhizobial bacteria culture were isolated from root nodules of seedlings exposed to 
Melville Island soil suspensions. Root nodule bacteria associated with Acacia mangium with 
fast- and slow-growing were recorded in the Melville Island soil. In soil samples No 3, 10, 11 
and 18 where plants grew well contained fast- and slow-growing root nodule bacteria isolated. 
The fast growing colonies appeared within 2 days, whilst the others took 5-7 days.  
Table 2.4 Fast- and slow- growing rhizobia isolated from 20 soil samples in Melville 
Island 
# Treat-
ment 
Sample code Plantation 
age 
Location name Fast-growing 
strains 
Slow-growing 
strains 
Total 
1 KI77 A.crassicarpa 3 years old Kilu Impini 77 4 10 14 
2 KI77 Native  Kilu Impini 77 2 11 13 
3 KI77 A.mangium 3 years old Kilu Impini 77 2 18 20 
4 KI Native 3 (2005)  Kilu Impini 3 8 11 
5 KI Native 2 (2003)  Kilu Impini 8 0 8 
6 KI Native 1 (2004)  Kilu Impini 1 5 6 
7 KI A.mangium 2005 2 years old Kilu Impini 4 5 6 11 
8 KI A.mangium 2004 3 years old Kilu Impini 78 2 12 14 
9 KI A.mangium 2003 4 years old Kilu Impini 43 5 12 17 
10 Yapilika 36 A.crassicarpa 20 years old Yapilika 36 2 16 18 
11 Yapilika 36 A.mangium 20 years old Yapilika 37 1 8 9 
13 Yapilika 48 A.crassicarpa 2 years old Yapilika 48 5 11 16 
14 Yapilika 48 A.mangium 2 years old Yapilika 48 4 8 12 
15 Yapilika 48 Native  Yapilika 48 6 7 13 
16 Yapilika48 A.auriculiformis 2 years old Yapilika 48 2 14 16 
17 Yapilika28 A.auriculiformis 20 years old Yapilika 28 4 19 23 
18 Yapilika 28 Native  Yapilika 1 8 9 
19 Yapilika 28 A.mangium 3 years old Yapilika28 4 9 13 
20 Shark Bay Native  Shark Bay 6 0 6 
21 Shark Bay A.mangium 1 year old Shark Bay J 8 0 8 
 
Eighty isolates were selected randomly to examine their genetic diversity by using the nif-
directed primer RPO1. The fingerprinting PCR of the isolates showed a large variety of 
different banding patterns (Figure 2.9), indicating that the root nodule bacteria associated with 
A. magium on Melville Island were not only different from different Island locations, but also 
within from the same sampling site. For RPO1, as an example, the PCR profiles of the strains 
originating from soil No 8 were considerably different, as shown in lanes 10, 11, 13, 16 17. 
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Figure 2.9: RPO1-PCR fingerprint patterns of the rhizobia isolates obtained in Melville 
Island soils. 1Kb is a 1Kb DNA ladder. PCR product of strains isolated from root nodules of 
soil samples match the following lanes: Site 1: lane 1; Site 2: lanes 2, 14 and 15; Site 4: lanes 
3,4 and 5; Site 5: lane 6; Site 6: lanes 7; Site 7: lanes 8 and 9; Site 8: lanes 10, 11, 16 and 17; 
Site 9: lane 13; Site 10: lane 27; Site 11: lanes 25, 33, 34, 35, 36 and 37; Site 13: lane 18; Site 
14: lane 28; Site 15: lane 31; Site 16: lanes 19, 30 and 32; Site 17: lane 20; Site 18: lanes 23 
and 24; Site 19: lane 21; and Site 20: lane 20. 
2.4	  Discussion	  
The processes of forming effective, N2 fixing nodules involve complex events of interactions 
between rhizobia and their hosts. Many biotic and abiotic factors influence the formation of a 
successful symbiosis. It is therefore critical to screen their saprophytic competence, as well as 
their ability to be an effective N2 fixer. As reported previously, the formation of a large 
number of nodules does not necessarily result in high levels of N fixation (Galiana, Chaumont 
et al. 1990). In that study, the number of nodules formed by strain Aust 13c on A. mangium 
was far lower than with strain ORS800, but strain Aust 13c increased dry weight biomass 
more than the ORS800 strain. In this study, while strain WSM 2248 increased the shoot dry 
weight over that of the un-inoculated treatment, the yellow to pale green leaf colour showed 
that the nodules were largely ineffective. 
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An interaction between rhizobia and A. mangium provenances, discovered by Galiana et al. 
(1994), pointed out that the ability to fix N  by rhizobia was strongly affected by A. mangium 
provenances.  Seedlings of current A.mangium provenance planting in Melville Island, NT, 
Australia formed functional nodules with strain WSM 2248. This strain may be the best when 
inoculated with other provenances of A.mangium. Further screening of this strain is 
recommended in formation of functional nodules. 
Recent work by Jayakumar and Tan (2005) with Bradyrhizobium strain WAS 9, associated 
with A. mangium showed that inoculation with WAS 9 alone did not result in enhanced 
seedling growth. However, when co-inoculated with a P-solubilizing ectomycorrhizal fungus, 
Pisolithus tinctorius, the dry weight increased significantly above that of the uninoculated 
control. Seedlings inoculated only with the P. tinctorius did not enhance seedling growth. 
This suggests that strain WSM 2248 may be promising if co-inoculated with mycorrhizal 
fungi. The WSM2248 strain also promoted shoot dry weight of A. saligna (So Thea, personal 
communication). 
Strains screened with A. mangium in this experiment had been previously isolated based on 
their ability to fix N2 when inoculated with A. acuminata. However, strains 3a23, WSM 2250, 
WSM 1743, 6a12 and WSM 1706 did not form an effective N2 fixing symbiosis with A. 
mangium as shown by the lack of increase in dry matter in comparison to the un-inoculated 
controls (Figure 2.4). 
Indigenous root nodule bacteria (RNB) on Melville Island 
When considering the management of leguminous trees it is important to know the presence 
of indigenous RNB in the area. To evaluate the effectiveness of RNB inoculation in plantation 
seedlings, it is important to the ability of any existing RNB to form nodules on A. mangium. 
Specifically, it must be determined whether the trees are promiscuous and form effective 
symbiotic relationships with the local rhizobia or whether nodulation only occurs with 
specific strains. 
The diversity of indigenous rhizobia associated with other Acacia species has been revealed, 
for example soil rhizobia of Southwestern Australia soils associated with A. senegal (Marsudi 
1997), for A. seyal, A. tortilis, and Faidherbia albida with soil rhizobia in Southern Ethiopia 
(Wolde-meskel, Terefework et al. 2004). Surprisingly, the diversity of indigenous rhizobia 
associated with A. mangium has yet been revealed elsewhere in the world, despite the wide 
use of A. mangium in agroforestry,  
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The advantage of indigenous soil rhizobia is that they are usually well adapted to the local 
edaphic conditions, and will be tolerant of the local stress factors, such as drought or flood, 
salinity or soil pH (Faye, Sall et al. 2007; Marsudi, Glenn et al. 1999; Sarr, Neyra et al. 2005). 
Soil RNB associated with A. mangium in Melville Island were not only recorded in, A. 
mangium, A. auriculifor, and A. crassicarpa plantations, but also native forests where acacia 
species have not previously grown. The RNB in the soils from these regions (e.g. sites3, 10, 
11 and 18) promoted A. mangium growth as demonstrated in the host-trapping experiment 
(experiment 2). The local RNB population however, was low or absent at Shark Bay (sites 20 
and 21 Table 2.5), and without forming an effective symbiosis with A. magium. Abiotic 
factors at the Shark Bay site such as salinity, low pH or drought may be responsible for the 
low numbers of observed RNB (Brockwell, Searle et al. 2005; Diouf, Samba-Mbaye et al. 
2007). Moreover, effective RNB were not isolated from this site even though an A. magium 
plantation was established one year earlier and root nodules were observed on seedlings at the 
nursery period prior to planting. Consequently, screening rhizobia on undisturbed soil is 
recommended to succeed in isolating, authenticating and introducing compatible rhizobium 
strains to this site. 
On the other hand, effective soil rhizobia were present in most Kilu Impini sites, excepting for 
site No 5 which is a native forest. It is assumed that somewhere else in native forest of 
Melville Island remain leak of rhizobia associated with A. mangium. Therefore seedlings 
inoculated prior to planting are critical for promoting the growth of biomass.  
Although slow-growing rhizobia (1mm colonies after 5-8 days) have predominantly been 
reported as forming effective nodules on Acacia species (Galiana, Chaumont et al. 1990), 
both fast- and slow-growing rhizobia were also isolated from effective nodules in this study 
(Table 2.4). Indeed 29.2 % of the RNB isolated were shown to be fast growers (1mm colonies 
within 2-3 days).  
In the South Western Australia soil where RNB were isolated from soils planted with A. 
saligna, both fast- and slow-growing rhizobia were isolated (Marsudi et al. 1999). On the 
other hand, Marsudi et al. (1999) reported that only slow-growing rhizobia were isolated at 
the low pH Narrikyp site. 
The PCR fingerprinting data shows considerable variation in the RNB trapped from soils from 
various locations on Melville Island. This indicates that any program of inoculation of A. 
mangium to enhance their growth may be compromised by the background RNB population. 
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Indeed, the large number of ineffective nodules formed on seedlings inoculated with Melville 
Island soils suggests that the phenomenon of competition between effective and ineffective 
RNB may play a major factor with A. mangium.  It remains to be established whether a RNB 
for A. mangium  can be found that not only shows adequate N2 fixation potential but, is 
saprophytically competent and able to compete for effective nodulation with the indigenous 
RNB population on Melville Island. 
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Chapter 3: Effect of nitrogen fertilization on early growth of 
Acacia mangium in plantations on Melville Island 
3.1 Introduction 
 
Soil fertility in tropical regions is often limiting for plant growth, especially available P (Isbell 
1978; Ryan, Nester et al. 1991). In addition, there are areas where multiple nutrient 
deficiencies can occur, including P, N, S, Mo, K and Zn (Ryan, Nester et al. 1991), which 
severely limit the productivity of plantation crops. The constraints can be overcome by 
applying fertilizers, and the amount of fertilizers added depends on site conditions and other 
factors. There are also tropical soils, particularly basalts and alluvial plains, where soil 
fertility can be adequate for crop production. 
Regarding the use of fertilizer, there have been considerable differences in the amount and 
type of fertilizer applied to Acacia mangium plantations, depending on the experience of 
foresters, availability of finance, and results from scientific studies. In the period shortly after 
A. mangium was introduced into plantations in SE Asia, fertilizers were generally ignored 
when establishing trials or plantations, for example in Thailand (Boontawee and Kuwalairat 
1987) and Sabah (Keong 1979). Later (1985-1986), in Peninsular Malaysia, 200 g P + 50 g K 
+ 50 g Mg fertilizer per tree was considered necessary to promote optimal growth of 2 year-
old plantations (Racz and Ibrahim 1987). By contrast, Yantasath (1987) concluded from a P 
rate trial in Thailand, using 18.75 to150 kg P per ha, that fertilizer was not effective during the 
first year of establishing A. mangium plantations. Probably, due to the in situ nutrient supply 
sufficient to relatively low nutrient requirement of young seedlings 
From the 1990s up to now, research has expanded considerably on trials encompassing types 
of fertilizer and fertilizer rates for improving the yield of a range of acacia species on different 
soil types in Indonesia, Malaysia, Vietnam, Australia, Hawaii and elsewhere. For example, 
Ryan et al. (1991) investigated fertilizing effects before and at planting time and suggested 
optimal fertilizers of 100, 33, 25 and 25.55 kg of N, P, K and micronutrient fertilizers per 
hectare, respectively, for the growth of A. mangium on an infertile sandy loam soil in 
southeast Queensland. Not surprisingly, fertilizer rate, fertilizer type and prescription trials 
have varied with site type across different studies. For example, on grasslands, Mead and 
Miller (1991) applied 120 g of TSP and NPK (1:1) fertilizer per tree; Selamat (1991) used 60, 
120 and 180 g NPK fertilizer per tree, and Sulaiman et al. (1991) applied 0, 25, 50 g N with 
either 0 or 60 g P fertilizer per tree. On acid soils in Hawaii, 143 kg NPK fertilizer and 41.6 
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kg micronutrient fertilizers were applied per hectare at planting and 200 kg P and 77 kg K 
fertilizers were added 4 months later (Cole, Yost et al. 1996). In plantations established on 
sites where Paraserianthes falcataria plantations had replaced grassland in South Sumatra, 
Beadle et al. (2007) applied 30 g urea and 87.5 g superphosphate per tree for optimal growth. 
Furthermore, in Malaysia, Majid and Paudyal (1999) conducted fertilizer trials on both fertile 
(Pahang) and infertile soil (Selangor) to well grow using 500 kg urea, 100 kg K and 500-800 
kg P fertilizer per ha. Lastly, Otsamo et al. (1995) used 60 g and 180 g NPK fertilizer per tree 
at 1 and 18 months after planting on a grass-covered acidic, red-yellow podzol. In Vietnam, 
from the time of introduction of Acacia species in the 1960s, fertilizer application was not 
practiced for several decades. In the 1990s, trials began exploring the use of 2 kg of cow 
manure and 100 g NPK fertilizer per tree at establishment (Nghia and Kha 1998). Son (2006) 
recently paid more attention on effects of fertilizers on the growth of A. mangium in industrial 
plantations for export, and recommended that 150 g NPK and 300 g organic fertilizer be 
applied per tree at planting. 
The common theme across most of the above studies has been the need to redress shortfalls in 
the P-supply capacity of many soils available for establishment of A. mangium plantations in 
SE Asia due to the widespread distribution on of high P-fixing. Far less attention has been 
given to the N requirements of A. mangium in plantations and very few N rate trials have been 
undertaken globally for this species. In the past, the nitrogen requirement of acacias were 
often ignored because it was assumed that plantations were sufficiently supported by the 
nitrogen-fixing ability of the species ((Logan 1987) cited in National Academy Press (1983)). 
However, Umali-Garcia et al. (1988) showed that trees inoculated with rhizobia alone had 
inferior growth to those inoculated with rhizobia and supplied with inorganic N fertilizer. The 
effectiveness of the inoculants organism could have been a factor in the growth response 
observed (Chapter 2). 
Sulaiman et al. (1991) set up a trial with 3 N rates (0, 25 and 50 g per tree) in Kemasul Forest 
Reserve, Malaysia, to explore the effect of fertilizer on the growth (height and diameter) and 
wood properties of a 6 year-old plantation. Whilst there was no effect on overall tree growth, 
N fertilizer improved the heartwood to sapwood ratio. One possibility for the lack of late 
rotation N fertilizer effect may have been the low rate of P applied, 60 g P per tree. By 
contrast, in Pensinsular Malaysia Majid and Paudyal (1999) used up to 800 kg P fertilizer per 
ha for their P rate trials with basal amounts of 500 kg N and 100 kg K in 3.5 and 5 years old 
plantations. In conclusion, the limited studies undertaken do not provide a clear picture as to 
the extent that N may be limiting acacia plantation establishment and growth. Interestingly, 
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Inagaki et al. (2009) have recently shown, using the root-ingrowth core method, that N was 
limiting the growth of A. mangium stands in Sabah, Malaysia.  
There is little information on N requirements of A. mangium in plantations outside Australia 
that can be applied to Melville Island. When seed orchards of A. acuriculiformis were first 
established on Melville Island they were fertilized with 229 g mixed NPK per tree combined 
with Cu and Zn (Hardwood, Matheson et al. 1991). However there is insufficient information 
as to whether this rate of fertilizer was optimal for growth. Although A. mangium is not grown 
commercially elsewhere in Australia, it is well known that soil fertility constraints limit the 
growth of many plantation tree species. Nitrogen fertilizer is commonly used for other 
plantations to help trees overcome poor soil fertility (Bevege 2006; Robertson and Reilly 
2005). For example, in the 1990s, acacias grown at Kuranda an Tuan in North and Southeast 
Queensland were given 50 kg P/ha and 100 kg N/ha (Applegate and Nicholson 1987). Pine 
plantations in Western Australia were fertilized with up to 175 kg N/ha as well as other 
nutrients including Zn (McGrath, Dumbrell et al. 2003). Larger amounts of N fertilizer may 
be required for eucalypt plantations in Australia (Smethurst, Holz et al. 2004). For example, 
in south eastern Australia, Eucalyptus regnans, E. nitens and E. globulus were fertilized 4 
times with up to 400 kg N/ha (Bennet, Weston et al. 1996; Judd, Bennett et al. 1996). 
However, as soil type and soil fertility varies greatly across Australia it is unwise to apply 
fertilizer rates used elsewhere to Melville Island. Lastly, acacias are N-fixing trees and have 
the potential, if sufficiently well nodulated, to acquire their N requirements through biological 
N fixation. 
Because of losses from storms and fire, the A. mangium plantations on Melville Island are still 
in the first rotation. Unpublished observations (stunted trees, poor form, some leaf 
discolouration) suggest that the trees have not been fertilized adequately. Given the sandy 
texture of the soils it is likely that N is a limiting factor and only a small amount of N is 
applied in the fertilizer mix at planting. Seedlings are produced in a commercial nursery near 
Darwin and transported to the Island for planting. They are not inoculated with any rhizobia.  
Given this background, this chapter aims to determine whether N is limiting the growth of A. 
mangium on Melville Island and inoculation with compatible Bradyrhizobium strains in the 
nursery, isolated in Chapter 2, may improve the N status of trees in the field after outplanting. 
Two types of experiments were undertaken: (1) a N rates trial planted at three sites, and (2) 
inoculation trial planted at two sites. 
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3.2	  Materials	  and	  methods	  3.2.1	  Site	  description	  
The trials were conducted at three sites (Imalu 24, Rangini South 2 and Bremer 26) on 
Melville Island, in the Northern Territory (NT), Australia. Melville Island lies between 11 – 
12 oS latitude and 127 – 130 oE longitude, and is of low elevation, mostly 20 m above sea 
level (Yuan 1996). According to Bureau of Meteorology data, the mean annual rainfall for 
Milikapiti for the period 1959 - 1997 was 1553 mm, over 97 days, and for Pirangimpi was 
2005 mm in the period 1963 - 2008, with 124 wet days. The mean annual rainfall for the 
Island is given in Figure 3.1(Henson 2008).  
The main wet season occurs from October to late March and in some places may extend to 
May (Henson 2008; Yuan 1996). For Imalu, Rangni and Bremer (Maxwell Creek Camp) 
sites, the rainfall is approximately 1100 - 1200, 1350 - 1250 and 1850 - 1700 mm for the 
period 2006/2007 and 2007/2008, respectively (Midgley 2005). The dry season lasts 5 - 7 
months, and receives around 40 mm per month. The mean temperate ranges from 18 to 33.8 
oC, and the mean annual temperate is about 27.3 oC (Henson 2008; Midgley 2005). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Annual rainfall map (GSP data- unpublished). 
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The soils are mostly sandy loams, and sand which account for approximately 60-70% of the 
island. Therefore, the moisture-holding capacity is quite low and this can be problematic to 
plant growthin the long dry season. These soils have poor nutrient contents, particularly with 
low level of N, P, Cu, and Zn in internal reports of the Plantation Management Company. The 
near-surface soil pHCaCl2 ranges from 4.5 to 6.0 (Henson 2008; Midgley 2005). 3.2.2	  Site	  preparation	  
The N rates trials were conducted at three sites and the inoculation trials at two of these sites. 
Imalu was originally an open eucalypt forest with widely spaced large trees (Ht: 15-20 m, 
DBH >50) and a dense and diverse understorey. The predominant overstorey species 
consisted of co-dominants Eucalyptus tetradonta, Corymbia nesophila and E. miniata. The 
site was chained and stick-raked in the dry season (July - September) of 2005. Seedlings of 
Acacia mangium were planted in late December 2005 (spacing 3.0 x 3.0 m). A limited 
number of native acacias and other woody species germinated in the dry season of 2006, and 
grew between the rows of trees. The plantation was severely affected by a wildfire caused by 
lightning in September 2007; the majority of the A. mangium trees were killed or damaged. In 
mid-2008, the plantation trees and woody weeds were flattened by machines, and 
subsequently stick-raked and burnt.  
Rangini South 2 was originally an open forest with typically medium-sized trees (DBH=30-50 
cm) more closely spaced than at Imalu. The predominant overstorey species were E. 
tetradonta and E. miniata (approximately 50% each). The site was chained and stick-raked in 
the dry season of 2005 (just before Imalu). Seedlings of A. mangium were planted in 
November 2005; growth was better than average, and weed control was excellent, due to 
management (herbicide application) and competition from the crop trees. However, the 
plantation was damaged by wildfire in mid 2007, although most of the trees survived 
(damaged). The plantation trees were slashed and burnt at the same time as Imalu (July 2008). 
The original vegetation at Bremer 26 is less certain. There is remnant native vegetation nearby 
(500 metres away), which contains mainly E. miniata, with minor E. tetradonta and other 
species. Acacia mangium was planted around 2001. Most of the trees were blown over, 
uprooted or broken off by winds associated with Severe Tropical Cyclone Ingrid in March 
2005. Approximately six months later the plantation was chained, stick-raked and burnt. The 
site remained fallow for three years, during which time the site was colonised by mission 
grass, A. mangium seedlings (wildlings) and various woody weeds (including native acacias). 
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At all three locations, planting lines with 4 m interval distance, were ripped to 50 - 60 cm in 
depth and mounded to 20 cm in height prior to the planting season in November 2008. Weeds 
were controlled by applying a mixture of Glyphosate (@1.0L active ingredient) + flouroxypyr 
(0.6L ai) + penetrant in 100L water per hectare, prior to planting.  3.2.3	  Nitrogen	  rate	  experiments	  
a) Experiment design, planting and site maintenance 
A nitrogen fertiliser experiment was established at each of the three sites, Imalu 24, Rangini 
South 24 and Bremer 26, to look at the response of inorganic N fertilizer and fertilizer regime 
on the establishment and growth of A. mangium. A randomised complete block design was 
used consisting of 3 blocks, each with 8 treatment plots. Each plot contained 48 (6 x 8) 
seedlings at 4 x 2.5 m spacing. The treatments comprised 6 N rates plus two control 
treatments. The N rates were: N0, nil N; N15, 15g N; N30, 30g N; N45, 45g N; N60, 60g N; 
and N75, 75g N per tree. Basal fertilizer was applied as shown in Table 3.1. The two control 
treatments were: nil fertilizer and the present commercial operational fertilizer regime (routine 
treatment) used on the island (Table 3.1). The N treatment plots were randomly divided into 
two split pots. One half was treated with N fertilizer at planting and the other half was treated 
with N fertilizer at planting and a repeat application 3 months later, towards the end of the wet 
season.  
In January 2009, basal (72 g KCl, 218 g TSP and 83.3 g micronutrient fertilizer per seedling - 
Appendix 1), routine  and N fertilizer treatments were placed in 2 holes made by Pottiputkis 
around trees, 15 - 30 cm from the tree’s collar after planting for at least one week (Kadeba 
1990/91). The sub-plots were refertilized in the same way with N in early April 2009. The A. 
mangium seedlings were supplied by Territory Trees Nursery, Stuart Highway, 70 km from 
Darwin, NT, Australia. Seedlings reaching 20-35 cm in height were planted in holes created 
by Pottiputkis, at a rate of 1111 trees/ha. 
In about 1 - 2 months after planting, dead plants in the trials were infilled by the Plantation 
Manager with seedlings at the same age, which had been maintained in the field nursery on 
Melville Island. 
b) Soil sampling 
Three soil cores (0 - 30 cm deep) were taken randomly from each N0 plot in each block prior 
to planting. Soil samples were dried at room temperate, before being sent to CSBP Soil and 
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Plant Analysis Laboratory, Bibra Lake, Western Australia for analysis 
(http://www.csbp.com.au/Home-Fertilisers/Contact-Us/lab.aspx). 
Table 3.1: Present operational and experimental fertilizer rates applied to the A. 
mangium field trial (see Appendix 1 for commercial fertilizer details). 
 
Fertilizer element Operation fertilizer 
rate (kg/ha) 
Experiment fertilizer 
rate (kg/ha) 
I. Macronutrient   
1. Nitrogen (N) 6.5 0; 15; 30; 45; 60; 75* 
2. Potassium (K) 23.4 40 
3. Phosphorus (P) 17.9 50 
II. Micronutrient   
1. Calcium (Ca) 13  
2. Sulphur (S) 9.5 2.42 
3. Magnesium (Mg)  3 
4. Zinc (Zn) 1.8 3 
5. Copper (Cu) 0.4 2 
6. Boron (B) 0 0.3 
7. Manganese (Mn) 0 2 
8. Cobalt (Co) 0 0.1 
9. Iron (Fe) 0 5 
10. Molybdenum (Mo)  0 0.1 
 
*This rate was used at planting and repeated in the split plots for the second application. 
 
c) Measurement of tree growth 
Data were collected for all trees in experiment. The height was measured at the highest point 
of the main stem apical meristem at 3 and 11 months after planting.  Tree basal diameter 
(DBH) at around 20 cm was measured at 11 months.  
d) Foliar sampling 
Phyllodes were collected from 8 trees in the centre of each plot when trees were 11 months 
old. Four recent fully expanded phyllodes were taken from each trees, from the upper third of 
the canopy on branches with new growth after the guidelines described by Majid et al (1998). 
The samples were bulked for each plot, dried in a convection oven at 60 oC to constant weight 
(ca. 72 hours) and then ground in a stainless steel grinder. The resulting coarse powder was 
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stored in sealed plastic vials at room temperate until analysis. Selected samples based on 
growth performance data (control, routine, N0, N45 both split plots and N75 both split plots) 
were analysed by the CSBP Soil and Plant Analysis Laboratory. Briefly, samples were acid 
microwave digested and analysed with standards by ICP spectroscopy. 
e) Data analysis 
The SPSS program version 17 was used to analyse the data. The data from the dead and in-
filled trees were put as blank cells in the SPSS program to reduce the system error on the real 
growth data. Therefore in the models and types of effect, the type IV sum of squares was 
recommended due to the empty cells (Garson last update 2/6/2009b). 
For the data collected after 3 months planting, the Univeriate General Linear Model, member 
of the ANOVA (Analysis of Variance) family, was used to analyse the data. The F-test at 0.05 
levels was used to test the significant differences of treatments and interaction effect. The 
homogeneous of treatments were characterized by Duncan’s Multiple Range Test (Garson last 
update 2/6/2009b). 
For the data collected at 11 months old or trial, the Multiple Analysis of Variance 
(MANOVA) was used to analyse the data. The Hotelling’s Trace is commonly used to test the 
significant differences of the treatments on growth based on two dependent groups, height and 
diameter norms, and the interaction between treatment and fertilizer regime. The F-test at 0.05 
level also was used to see the tests of between-subject effects, and the homogeneous of 
treatments were divided by Duncan’s multiple range test as well (Garson last update 
2/6/2009a; last update 3/6/2009; Tuat 2006). 
For the mortality at 3 and 11 months old, the data were transformed by Arc Sine 
Transformation method before analysing variance. The Duncan’s Multiple Range Test was 
applied for comparing mortality of treatments (Gomez and Gomez 1984). 3.2.4	  Inoculation	  experiments	  
a) Nursery 
Acacia mangium seeds were germinated in pasteurised potting mix which was placed in 24 
cell trays, each cell 4 cm in diameter. The trays were arranged on 4 raised benches which have 
12 trays on each.  Seedlings on the first bench received N-free nutrient supply in the irrigation 
system and the second bench received complete nutrient solution. The latter bench was used 
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as the control treatment in the field. The third and fourth benches were inoculated with strains 
11 and 18, respectively, and they were irrigated with water for the first month and then by full 
nutrient solution until shipping. One week-old seedlings were each inoculated with 1ml of 
rhizobium broth culture containing approximately 109 cells in October 2008. These strains 
were isolated from nodules of dark green healthy seedlings (Chapter 2). The source of the 
rhizobia were: 11  sampled under  a 20 year-old A. mangium plantation at Yapilika, Melville 
Island, and 18  collected from native forest, Yapilika 28, where native acacia was not present 
(Table 2.3 - Chapter 2). Seedlings were maintained for over 3 months in the Territory Trees 
Nursery, Stuart Highway, 70 km from Darwin, NT, Australia. The seedlings were then 
shipped to Melville Island and maintained in a field nursery for one week to allow recovery 
prior to transplanting in field. Nodule occurrence was examined by randomly selecting 10 
seedlings from each of the 4 benches in 3 months after maintaining in nursery. Nodules were 
stored in silica gel for further study. 
b) Field trials 
The trials were established on 2 sites, Bremer and Imalu, on 29 - 31 January 2009, with the 
same design and planting, and maintenance protocols as N rate trail. A randomised complete 
block design was used consisting of 3 blocks, each with 8 treatment plots. Each plot contained 
24 (4 x 6) seedlings at 4 x 2.5 m spacing. The treatments were: minus N, plus N (15 g N 
supplied as urea), + strain 11, + strain 18, + strain 11 + 15 g N per tree, and + strain 18 + 15 g 
N per tree. All treatments had the same basal fertilizer as in the N rates trials above. The 
fertilizers were applied 1 week after planting. 
c)  Data collection 
Data were collected for all trees. Heights and DBH were measured at 11 months as for the N 
rates trials. Nodules were sampled at 3 and 11 month from 3 seedlings in each plot. 
Approximately 25% of the root system area was dug out by hand to examine and collect 
nodules. Nodules were stored in silica gel for further study. 
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3.3	  Results	  3.3.1	  Soil	  properties	  
Soil properties are given in Table 3.2. Soil fertility on the Bremer site was overall richer than 
the other two sites, and it was poorest at Imalu (Table 3.2). 
Table 3.2: Soils properties (0 - 30 cm) at the 3 sites on Melville Island. Values are means 
(n=3). 
Soil property Bremer Rangini Imalu 
Colour  BRRD BROR BRRD 
Gravel % 0.00 1.67 0.00 
Texture  2.00b 3.33c 1.50a 
Organic Carbon % 1.79a 1.53a 1.27a 
Conductivity dS/m 0.05b 0.05b 0.03a 
pH (CaCl2) pH 4.63a 4.67a 5.03b 
pH (H2O) pH 5.20a 5.33a 5.90b 
Total Nitrogen % 0.17b 0.12b 0.05a 
Ammonium Nitrogen mg/Kg 13.00b 15.33b 8.33a 
Nitrate Nitrogen mg/Kg 19.67b 15.00b 8.00a 
Potassium Colwell mg/Kg 26.00a 32.67a 26.00a 
Exc. Potassium meq/100g 0.11a 0.09a 0.06a 
Phosphorus Colwell mg/Kg 13.67b 4.00a 6.00a 
Sulphur mg/Kg 3.91b 3.27b 1.98a 
DTPA Manganese mg/Kg 0.98a 2.22a 1.09a 
DTPA Zinc mg/Kg 0.34b 0.15a 0.13a 
DTPA Copper mg/Kg 0.21a 0.32a 0.22a 
Boron Hot CaCl2 mg/Kg 0.47b 0.60b 0.43a 
Exc. Magnesium meq/100g 0.31a 1.09a 0.57a 
DTPA Iron mg/Kg 36.56c 25.76b 15.38a 
Exc. Aluminium meq/100g 1.03b 0.65ab 0.29a 
Exc. Calcium meq/100g 0.48a 1.01a 1.30a 
Exc. Sodium meq/100g 0.03a 0.06b 0.03a 
 
Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. n = 3  
There were significant differences in soil properties between sites including texture, 
conductivity and pH. However, the soil was generally acidic (pH <6) and sandy (texture <5%) 
at all sites. Soil texture was more clay in Rangini than Bremer and Imalu (3.33), and it was 
lowest in Imalu. The pH was highest at Imalu and there was no difference between Rangini 
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and Bremer sites. Soil conductivity was significantly lower at the Imalu site. Soil organic C 
was low and did not differ between sites. 
The Imalu soil also had the lowest concentrations of total N, NH4+, N03-, S, B, DTPA 
extractable Fe and exchangeable Na. The level of Colwell P was three times higher in the 
Bremer soil than the other two soils. However, neither the Colwell nor the exchangeable K 
differed between sites. Similarly, Ca, Mg, Mn and Cu did not differ between sites. Lastly, 
DTPA extractable Zn at Bremer was twice that at the other two sites. 
 3.3.2	  Nitrogen	  rates	  trials	  
Mortality 
Generally, tree mortality was low (1.4 - 11.1% at 3 months and 7.6 - 16.0% at 11 months) at 
Bremer and Rangini, but relatively higher at Imalu where mortality increased considerably 
during the dry season (Figures 3.2, 3.3 and 3.4, respectively). Fertilizer did not affect the 
mortality rate at the Bremer site (for 3 and 11 months, P = 0.509 and 0.85, respectively). 
Mortality at 3 and 11 months at the Bremer site (Figure 3.2) was not affected by fertilizing at 
establishment (P = 0.509) nor by the second application of N (P = 0.85). However, the highest 
mortality was 14.6% in the N45 and N75 treatments, and trees given only the basal fertilizer 
(N0) had the lowest mortality of 5.6% at 11 months.  
Likewise, at Rangini, fertilizer did not affect tree survival at 3 or 11 months (Figure 3.3). 
Although there was no effect of fertilizer at Imalu (P = 0.531 and 0.316 at 3 and 11 months, 
respectively), the trend in the data was different from the other two sites. Mortality reached up 
to 24.3% in the N75 treatment even in the wet season. For the long dry season, the mortality 
increased considerably in all treatments, up to 20.1 - 41.7% of trees after 11 months. 
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Effect of fertilizer on growth  
There was a significant effect of fertilizer on tree growth at all 3 sites. Generally, trees that 
received basal fertilizers at the present operation fertilizer rate (routine) grew better than trees 
without any fertilizer (control), and trees with fertilised basal fertilizer grew significantly 
better than trees in routine treatments. 
At Bremer, fertilizer application increased height at 3 (P <0.001) and 11 months (P <0.001) 
and diameter (P <0.001) at 11 months (Figures 3.5 a & b). Also, by 11 months, trees with the 
basal fertilizer grew better than trees with the routine (commercial) fertilizer treatment.  
The addition of N fertilizer increased both height (P <0.001) and diameter (P <0.001) growth 
at 11 months but it was not substantial. Application of 15 g N/tree was adequate to maintain 
early growth at this site. No extra benefit to growth was obtained by increasing the rate of N 
supply to higher (N30 to N75) levels. The largest trees, in terms of height and diameter, were 
in N45 [265 cm] and N75 [4.4 cm] treatments, respectively. By comparison, the N0 trees 
reached 62 cm in height at 3 months compared to 46 cm in trees without fertilizer (control). 
By 11 months, their respective heights were 220 and 175 cm, and their diameters were 3.6 and 
2.3 cm. Comparisons using T tests are detailed in Appendices 3.2 a & b.  
As for the Bremer site, tree growth at Rangini was improved by fertilizer at age 3 and 11 
months (Figures 3.6 a & b). Again, trees applied basal fertilizer grew significantly taller than 
trees in the control and routine treatments. Basal fertilizer strongly promoted tree growth, and 
N0 trees reached 83 cm in height by 3 months. Growth of N0 trees was superior to the routine 
fertilizer treatment. At 3 months, the latter trees reached 59 cm in height and trees without 
fertilizer were 55 cm in height. By 11 months the heights were 251 and 235 cm, respectively. 
The addition of 15 g N/tree was optimal for growth up to 11 months and trees reached up to 
330 cm in height and 5 cm in diameter. Trees that received 30 or 45 g of N did not grow as 
well as trees supplied with the lower (N15) or higher (N75) rates in terms of height and 
diameter. 
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Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha=0.05. Bar=standard deviation. 
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Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. Bar = standard deviation. 
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The general trends for tree growth at Imalu were similar to those described for the other two 
sites, with similarly positive effect after 3 and 11 months (P <0.001) (Figures 3.7 a & b). 
However, there were some differences in details of the response to fertilizer. Firstly, the 
routine fertilizer did not increase tree height or diameter above the control treatment. 
Secondly, at 11 months N45 was the optimal N rate for tree height and N75 for tree diameter. 
Unlike at the other two sites, application of 15 g N/tree did not increase growth. The tallest 
trees were recorded in the N45 treatment with 319 cm in height, while the largest diameter 
was 5.2 cm in the N75 treatment.  
Foliar nutrient concentrations 
In general, foliar nutrient concentrations differed among the 3 sites (Table 3.3), with the 
highest in trees at Bremer and lowest at Imalu. Details of nutrient concentrations for each 
treatment across sites are provided in Table 3.3. 
Table 3.3: Foliar nutrient concentrations at age 11 months at 3 sites. The data are 
combined for 5 treatments indicated in Tables 3.4 to 3.6.  
Foliar nutrient Bremer Rangini Imalu 
N % 2.76 ± 0.14 c 2.50 ± 0.16 b 2.37 ± 0.11 a 
K % 0.7 ±0 .25 c 0.54 ± 0.12 b  0.38 ± 0.12 a 
P % 0.14 ± 0.02 c 0.11± 0.01 a 0.12 ± 0.01 b 
S % 0.18 ± 0.02 b 0.17 ± 0.02 b 0.15± 0.02 a 
Mg % 0.25 ± 0.05 a 0.33 ± 0.06 b 0.31 ± 0.04 b 
Ca % 0.32 ± 0.06 a 0.36 ± 0.07 a 0.47 ± 0.08 b 
Zn mg/kg 23.7 ± 3.3 c 12.9 ± 2.3 a 16.0 ± 2.9 b 
Cu mg/kg 6.47 ± 0.8 c 5.57 ± 1.2 b 2.6 5± 0.4 a 
B mg/kg 15.78 ± 3.4 b 13.5 ± 1.7 a 15.7 ± 2.1 b 
Fe mg/kg 64.6 ± 10.8 a 55.2 ± 10.4 a 53.3 ± 22.2 a 
Mn mg/kg 109.4 ± 21.1 c 96.0 ± 18.6 b 46.6 ± 10.3 a 
Na % 0.27 ± 0.04 a 0.37 ± 0.07 b 0.39 ± 0.07 b 
Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. n = 15. ± standard deviation.	  
Regarding the foliar nutrient concentrations across the sites (Table 3.3), soil properties 
appeared to have significantly affected some macro- and micronutrients levels. In all 
treatments, the concentrations of N, K and P were greatest at Bremer, N and K were least at 
Imalu, and P was the lowest at Rangini. Foliar S was not different between Bremer and 
Rangini, but was lower at Imalu. The foliar concentrations of Zn, Cu and Mn were 
significantly higher at Bremer. The foliar B concentration was lowest at Rangnini. There was 
no difference between Bremer and Imalu. Trees at Rangini and Imalu had higher Mg and Na 
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concentrations than at Bremer. Iron concentrations varied widely but did not differ among the 
sites. 
 
 
Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. Bar = standard deviation.	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Surprisingly, fertilizer applicationdid not affect the concentrations of the macronutrients N, P, 
K and S in phyllodes at all fertilizer rates at Bremer (Table 3.4). The N concentration was 
only slightly higher in phyllodes of trees that received the highest dose of N fertilizer. 
Table 3.4: Foliar nutrient concentration in five of the treatments at age 11 months at the 
Bremer site. 
Foliar nutrient Control Routine N0 N45  
once 
N45  
twice 
N % 2.62 a  2.75 a 2.73 a 2.84 a 2.84 a 
K % 0.63 a 0.96 a 0.62 a 0.68 a 0.83 a 
P % 0.14 a 0.14 a 0.13 a 0.13 a 0.14 a 
S % 0.19 a 0.17 a 0.16 a 0.17 a 0.19 a 
Mg % 0.32 c 0.27 bc 0.23 ab 0.21 a 0.22 a 
Ca % 0.4 b 0.3 ab 0.3 ab 0.28 a 0.3 ab 
Zn mg/kg 28.75 b 21.89 a 22.25 a 22.89 a 22.87 a 
Cu mg/kg 7.64 b 6.31 a 5.98 a 6.26 a 6.16 a 
B mg/kg 13.23 a 12.53 a 15.17 ab 18.53 bc 19.43 c 
Mn mg/kg 95.1 a 95.97 a 106.63 a 120.17 a 128.9 a 
Fe mg/kg 69.87 a 60.77 a 61.87 a 61.4 a 69.07 a 
Na % 0.31 b 0.27 ab 0.26 ab 0.24 a 0.27 ab 
Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. n = 3.	  
 
The concentrations of Zn and Cu were significantly higher in trees that did not receive any 
fertilizer (control treatment) compared to the four other treatments that were analysed. By 
contrast, trees that received both basal fertilizer and a high dose of N fertilizer had the highest 
amount of B (19.43 mg/kg), with up to 6 mg/kg higher than that of the control trees. 
At Rangini, there were no significant differences in both macro-and micro-nutrient 
concentrations between treatments except for Na (Table 3.5). The concentration of Na was 
reduced in trees that had received fertilizer. Furthermore, foliar nutrient concentrations did not 
differ among the treatments at Imalu (Table 3.6).  
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Table 3.5: Foliar nutrient concentration in five of the treatments at age 11 months at the 
Rangini site.  
Foliar nutrient Control Routine N0 N75  
once 
N75  
twice 
N % 2.47 a 2.53 a 2.47 a 2.52 a 2.52 a 
K % 0.58 a 0.57 a 0.59 a 0.54 a 0.41 a 
P % 0.1 a 0.1 a 0.1 a 0.11 a 0.11 a 
S % 0.18 a 0.18 a 0.17 a 0.18 a 0.16 a 
Mg % 0.34 a 0.32 a 0.31 a 0.35ca 0.33 a 
Ca % 0.35 a 0.34 a 0.34 a 0.39 a 0.36 a 
Zn mg/kg 12.84 a 14.47 a 13.55 a 12.46 a 11.01a 
Cu mg/kg  6.29 a 6.49 a 5.25 a 5.28 a 4.53 a 
B mg/kg 14.57 a 12.37 a 13.63 a 14.0 a  12.91 a 
Mn mg/kg 92.53 a 93.07a 93.03 a 105.67 a 95.08 a  
Fe mg/kg 55.3 a 50.27 a 51.37 a 53.07 a 65.93 a 
Na % 0.44 c 0.42 bc 0.32 ab 0.33 ab 0.32 a 
Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. n = 3. 
 
Table 3.6: Foliar nutrient concentration in five of the treatments at age 11 months at the 
Imalu site.  
Foliar nutrient Control Routine N0 N45  
once 
N45  
twice 
N % 2.34 a 2.34 a 2.31  2.42 a 2.42 a 
K % 0.3 a 0.34 a 0.38 a 0.41 a 0.49 a 
P % 0.12 a 0.12 a 0.11 a 0.12 a 0.12 a 
S % 0.14 a 0.14 a 0.16 a 0.16 a 0.15 a 
Mg % 0.32 a 0.33 a 0.32 a 0.31 a 0.27 a 
Ca % 0.47 a 0.47 a 0.5 a 0.49 a 0.42 a 
Zn mg/kg 16.79 a 17.62 a 15.33 a 14.97 a 15.27 a 
Cu mg/kg 2.86 a 2.89 a 2.61 a 2.48 a 2.42 a 
B mg/kg 14.7 a 14.53 a 17.43 a 16.43 a 15.47 a 
Mn mg/kg 41.43 a 67.4 a 56.8 a 49.77 a 51.03 a 
Fe mg/kg 46.73 a 39.67 a 49.53 a 50.1 a 46.87 a 
Na % 0.42 a 0.46 a 0.4 a 0.41 a 0.49 a 
Note: For each factor, means of the treatments with the same letter are not significantly 
different according to the Duncan test at Alpha = 0.05. n = 3. 
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3.3.3 Inoculation experiments 
At the time of planting, the inoculated seedlings were visibly paler green in colour and shorter 
than the uninoculated seedlings. Nodules were present on all seedlings. Mortality rates were 
27.8 – 66.7 % at Imalu and 6.9 – 22.2 % at Bremer 
At both Bremer and Imalu there was a small but significant (P < 0.001) response in height and 
diameter growth to the addition of 15 g N fertilizer per tree (Figures 3.8 & 3.9). Inoculation 
with either strain of Bradyrhizobium did not enhance growth over that of the treatment 
without inorganic N fertilizer. Furthermore, the addition of 15 g N/tree did not improve 
growth of inoculated seedlings at Imalu whereas it did at Bremer. 
 
At 3 months, excavation revealed that nodules were present in all trees but they were 
restricted to the crown of the plant close to and within the nursery root system. At 11 months 
nodules were present on later roots up to a distance of 0.5 m from the stem. Nodules were 
more abundant at the Bremer site but they were not quantified. Internal colour of nodules was 
reddish in all treatments. 
 
 
Figure 3.8: Height and diameter growth after 11 months of treatments in the inoculation 
trial at Bremer. For each factor, means of the treatments with the same letter are not 
significantly different according to the Duncan test at Alpha = 0.05. Bar = standard 
deviation.	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Figure 3.9: Height and diameter growth after 11 months of treatments in the inoculation 
trial at Imalu. For each factor, means of the treatments with the same letter are not 
significantly different according to the Duncan test at Alpha = 0.05. Bar = standard 
deviation.	  
3.4 Discussion 
3.4.1 Nitrogen rates experiments 
Mortality 
Generally, the survival rate was not affected by fertilizer application at all sites. Unlike a trial 
conducted in southeast Queensland, fertilizer especially P and micronutrients, significantly 
affected the survival of A. mangium and 4 other acacia species (Ryan, Nester et al. 1991). In 
their trial the survival rate of A. mangium was only 67% at 11 months. Regarding site effects, 
mortality was higher at Imalu than the other two sites. Factors that may have contributed to 
the mortality are the low amount of late season rainfall and the time of planting (late January-
2009). The more sandy textured soils at Imalu have lower water holding capacity than the 
soils at the other two sites. Another factor could be soil poor fertility as soil analysis showed 
that Imalu had the lowest soil fertility. Therefore, it is more likely that nutrient imbalance 
stress would occur in young plants at Imalu than at the other two sites. It is known that 
nutrient imbalances can reduce tree vigour (Ray et al. 1991). There was no evidence that 
mortality was due to biotic causes. However, as it was not possible to monitor the sites closely 
due to their geographical isolation, the presence of pests and diseases can not be ruled out 
affecting transplanted stock. Infill plantings were carried out which is standard practice in 
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commercial operations in northern Australia. Data of these trees were excluded from the 
results. 
Growth 
The experimental sites were located in different soil types as indicated in Figure 3.10. Not 
surprisingly, they differed in soil chemical and physical properties. As referred to earlier, over 
all, the Bremer soil was more fertile than those at the other two sites (Table 3.2) as indicated 
by higher total N, NH4+, NO-3, P, S, Zn and Fe. Yet, tree growth on Bremer was inferior to the 
other two sites. This is particularly evident in the unfertilized, routine commercial fertilizer 
and basal fertilizer (no N) plots (Figure 3.11). Thus soil analysis alone is not a good predictor 
of tree growth. 
 
 
 
Figure 3.10: Melville Island soil classification (GSP Source) showing the 3 experimental 
sites. 
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Comparison with some other commercial A. mangium plantations in the world (Table 3.7) 
reveals that tree height growth is not readily correlated with any particular soil trait. Different 
methods used for soil analysis, especially for P may confound such comparisons. It would be 
interesting to obtain further data on soil exchangeable K, total N, reactable Fe and available P 
for a wider range of sites where other elements are known to not be limiting growth, and to 
match these data and tree growth more closely with plantations on Melville Island. Also, most 
foresters only analyse the first 10 to 20 cm of the soil profile, but tree roots have access to 
nutrients across much deeper zone in the profile. The contribution of subsoil fertility to tree 
growth is poorly quantified. 
The maximum tree height in 11 months was less than that observed in countries where A. 
mangium is an important pulp-wood species (e.g. Malaysia, Indonesia, Vietnam). Also the 
poorer trees were quite short for their age relative to the above plantations. A useful 
comparison can be made between the growth performance of A. mangium in research trials, 
commercial plantations in Vietnam and those on Melville Island. This species has been 
widely established different climate zones in Vietnam in research trials and commercial 
plantations. Comparison of Table 3.8 with the data for Melville Island (Figures 3.5 to 3.7) 
reveals that the best trees on Melville Island in the experimental plots were achieving less 
height growth than on the best sites in Vietnam. This suggests that tree growth on Melville 
Island is somewhat marginal. 
 
 
 
 
 
 
 
Figure 3.11: Comparison of height and diameter growth after 11 months for the control, 
routine and basal fertilizer (N0) treatments across the 3 sites. Note, for each factor, 
means of treatment of each site with the same letter are not significantly different 
according to the Duncan test at Alpha=0.05. Bar=standard deviation. 
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There is no doubt that the overall early growth performance of A. mangium on Melville Island 
is lower than that of plantations in SE Asia. The reason for this is not presently known. 
Factors that may be important include tree genetics, suitability of the climate and soil 
properties (including soil depth and chemistry). These topics are considered further below. 
Table 3.7: Comparison of soil properties under Acacia mangium plantations before 
planting and height growth. 
Note: Means of soil properties at 0 - 40 cm, 1: (Majid and Paudyal 1999);  2: (Otsamo, Adjers 
et al. 1995); 3: (Turvey 1996); 4: (Ryan, Nester et al. 1991); 5: (Cole, Yost et al. 1996); #: 
site preparation; Ф: site preparation + Herbicide + NPK; *: 11 month old	  
The seed used for the experiments and also for the commercial plantations on Melville Island 
was unimproved and collected from the wild. Elsewhere, genetic improvement through 
selection of plus trees, clonal propagation and breeding has substantially improved 
productivity. For example, Nghia (2006) reported that the AH7 A. mangium clone reached 4.3 
m in height and 3.9 cm in diameter per year at Song May, Dong Nai, Vietnam. Screening of 
A. mangium provenances was also undertaken and seedlots 19732, Wipim-Oriomo (PNG), 
grew well at Binh Dien, 
Soil trait Kemasul 
(1) 
Kerling 
(1) 
Kalimantan 
(2) 
Kali-
mantan 
(3) 
Hawaii 
(5) 
Queens-
land (4) 
Melville 
Island 
   Site 1 Site 2     
Organic C 
(%) 
0.99 1.31 0.5 0.8 2.15  0.47 1.27-1.79 
Conductivity 
(dS/m) 
      0.024  0.03-0.05 
pH Level 
(H2O) 
4.2 4.4 3.9 4.5 5.3 4.34 5.4 5.2-5.9 
Total N (%) 0.06 0.08 0.024 0.33 0.15  0.015 0.05-0.17 
Exc. K 
(mg/Kg) 
0.23 0.3 0.02 0.04 0.17 0.24 0.035 0.06-0.11 
Avail. P 
(mg/Kg) 
6.1  7.1  n.a. 0.9  
 
6.7  
 
2.6  
 
1.5 
 
26.0-32.7 
 
DTPA Mg 
(mg/Kg) 
  63.0 10.5   3.6 0.98-2.22 
Exc. Mg 
(meq/100g) 
0.15 0.64 0.14 0.18  0.8 0.22 0.31-1.09 
Exc. Al 
(meq/100g) 
     1.91   
Exc. Ca 
(meq/100g) 
0.35 0.34 0.15 0.11 1.55 0.72 0.53 0.48-1.3 
Exc. Na 
(meq/100g) 
  0.31 0.18   0.04 0.03-0.06 
Height 
(m/year) 
2.8 – 3.3 3.8-4.2 0.95-1.3 
(#) 
2.3-3.5 
(Ф) 
4.5 
4.8 
2.8 
4.0 
0.96* 1.4-3.3* 
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Table 3.8: Growth of A. mangium in trials and commercial plantations in Vietnam. 
[Source: Nghia and Kha (1998)] 
Location Age (years) Height (m/year) DBH (cm/year) 
North central 
Ha tay 4.5 2.02 2.62 
Vinh Phu (Phu Tho) 2.5 3.24 3.69 
Tuyen Quang 2.5 3.28 3.19 
Central 
Quang Tri 4.3 1.93 2.37 
QN-DN 3.5 3.34 1.94 
South Eastern 
Trang Bom, Dong Nai 3 4.33 4.63 
Song May, Dong Nai 3 4.01 5.0 
Tan Tao, Ho Chi Minh 3.3 4.43 5.2 
 
Thua Thien Hue (Central Vietnam) reaching 12 m in height and 14.5 cm in diameter at 3 
years of age. At Vinh Cuu, Dong Nai (Southeastern Vietnam), trees of Rosso Kuranda (QLD) 
provenance were up to 8 m in height and 13 cm in diameter at age 3 years. Similar success 
has been obtained in other countries. 
Comparison of climates where A. mangium is grown commercially in Asia, using rainfall 
distribution data (Figure 3.12), shows that the climate of Melville Island is characterised by an 
extended dry season. High temperatures, high vapour pressure deficits and limited soil water 
holding capacity of some soils in the dry season could all contribute to physiological stress 
and thereby retarded growth rates. These factors are beyond the scope of this thesis. 
Nevertheless, they are important factors to be taken into account when defining geographical 
and site boundaries for the establishment of commercial plantations in the future. Experience 
in Vietnam suggests that some of the A. mangium hybrids may be more drought tolerant and 
thus can out-perform clonal or seeded A. mangium on sites with a dry season extending more 
than 3-4 months (Nghia pers. Comm.). 
For achieving maximum growth of A. mangium on Melville Island, the use of fertilizer at 
planting is essential. As very few fertilizer rates trial have been undertaken, it is uncertain 
whether the level of nutrients applied in the basal fertilizer was optimal for maximum growth. 
However, what is clear from the N rates part of the trials is that N is not the main limiting 
factor. Before considering the nature of the N response or lack of response, two key questions 
should be addressed. These are:  
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i) why did the basal fertilizer improve growth over the standard commercial fertilizer? 
and 
ii)  what elements are likely to be limiting tree establishment and early growth on 
Melville Island? 
Data from foliar analysis will be used to address these questions. 
Foliar analysis 
Tree growth is closely dependent on nutrient supply in soil, which is regulated by soil 
physical and chemical contributions. Foliar analysis can be a powerful tool to evaluate the 
nutrient status of trees and stands (Brockley 2001; Majid and Paudyal 1999; Shariff and Kadir 
1994; Simpson, Dart et al. 1998; Srivastava 1993). When being used in conjunction with soil 
analysis and fertilizer response trials, it can help to formulate optimal fertilizer rates 
application strategy.  
It is informative to compare the foliar concentration ranges in A. mangium on Melville Island 
with these of trees grown in other geographical areas (Table 3.9). First, the foliar N 
concentrations were high compared to Malaysia, Vietnam and Kalimantan. Concentrations of 
other elements were fairly comparable, except for lower K at Imalu. So, in terms of broad 
concentration ranges in phyllodes, there was no outstanding difference between foliar 
concentrations for Melville Island and some commercial plantations elsewhere. However, it is 
worth noting that the lower ranges provided for the Philippines include some severely 
nutrient-deficient stands. 
Additional fertilizer 
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Figure 3.12: Comparison of rainfall 
distribution for Acacia mangium 
production areas in selected parts of 
Asia and the Melville Island (Blue bars 
= Pirlangimpi, Maroon bars = 
Mililapiti, Data source is BOM) 
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Figure 3.13 a: Relationship between foliar and soil nutrient concentrations. Vertical 
axis: Soil nutrient and horizontal axis: foliar nutrient. 
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Figure 3.13 b: Relationship between foliar and soil nutrient concentrations. Vertical 
axis: Soil nutrient and horizontal axis: foliar nutrient. 
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Table 3.9: Foliar nutrient concentrations in A. mangium trials on Melville Island  
compared to selected locations in SE Asia. Note: * g/kg, # mg/kg dry weight. 
 
The principles of foliar analysis and their use for diagnosis or prognosis of nutrient disorders 
have been described in Smith and Loneragan (1997) and Dell et al. (2001). In order to 
interpret foliar nutrient concentration data there has to be some understanding of the 
concentration ranges present in healthy trees as well as in trees suffering stress from single 
element deficiencies or toxicities. These values are difficult to obtain reliably for trees. Data 
bases built up over time from field trials and substantiated from responses of stands to 
fertilizer application are invaluable for foliar diagnostic. Although the data base is incomplete 
for A. mangium and there are differences between workers, it can be applied to the foliar data 
collected in this thesis. Nutrient concentration ranges that have been proposed for the 
diagnosis of nutrient deficiencies in A. mangium in the field are shown in Table 3.10. 
Comparison of Tables 3.9 (Melville Island data) and Table 3.10 reveals the following: 
• N were adequate at the three sites, 
• P could potentially become deficient at Rangini, 
Simpson et al. 1998 Dell 
(Unpub. 
data) 
Paudyal & 
Muhamad 
1992; 1999 
Melville Island 
(This study) 
Vietnam Kalimantan Philippines Malaysia Bremer Rangini Imalu 
Element 
1-3 years 
(n=9) 
1-5 years 
(n=10) 
2-4 years 
(n=32) 
1.5 and 6.5 
years  
11 months 
(n=3) 
11 months 
(n=3) 
11 months 
(n=3) 
N*   mean 23.1 21.8  18.3 27.6 25.0 23.7 
      range 13.9-27.0 18.8-25.5 15.3-40.2 18.4-20.2 26.8-28.4 24.2-25.8 22.9-24.5 
P* 1.27 1.02  1.6 1.4 1.1 1.2 
 0.6-3.2 0.7-2.4 0.7-5.0 1.1-2.3 1.27-1.44 0.97-1.14 1.09-1.27 
K* 7.8 6.9  6.0 7.0 5.4 3.8 
 3.5-20.5 4.8-9.4 1.6-15.4 8.0-8.7 6.5-8.4 4.5-6.3 2.9-4.8 
S*     1.8 1.7 1.5 
   0.7-2.7  1.63-1.86 1.63-1.85 1.38-1.61 
Ca* 5.43 11.1  5.2 3.2 3.6 4.7 
 2.5-9.9 3.7-17.9 2.9-17.9 6.0-7.1 2.77-3.55 3.18-3.97 4.32-5.11 
Mg* 1.3 2.39  1.1 2.5 3.3 3.1 
 1.1-1.7 2.0-3.4 1.5-4.9 0.9-1.3 2.24-2.74 3.04-3.54 2.84-3.34 
Cu# 35 16   6.47 5.57 2.65 
 16-57 8-23 3-23  6.07-6.87 5.16-5.97 2.25-3.05 
Zn# 39 22   23.7 12.9 16.0 
 28-52 13-35 9-40  22.6-25.1 11.5-14.3 14.6-17.4 
Mn#     109.4 96.0 46.6 
   108-1877  100-118.6 86.7-105.3 37.3-55.9 
Fe#     64.6 55.2 53.3 
   20-84  55.9-73.3 46.5-63.9 44.6-62.0 
B# 19 16   15.78 13.5 15.7 
 8-30 10-22 9-74  14.7-16.9 12.4-14.6 14.6-16.8 
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• K was marginal to deficient at Imalu, 
• Cu was marginal to adequate at Imalu, and 
• B and Zn were marginal at Rangini. 
Table 3.10. Nutrient concentration ranges proposed for Acacia mangium in the field.  
 
Dell (unpublished)# Mead and Miller (1991)a Element 
Deficient  Satisfactory Critical Satisfactory 
N* <15 19  – 42  >30 
P <0.9 1.0 – 2.3 <1.3 1.3 – 1.5 
S <1.0 1.2 – 2.7 <1  
K <5 7  – 17 <6 >10 
Ca <1.5 2 – 14 <2  
Mg <1.1 1.2 – 3.6 <1.1 1.5 – 2.0 
Cu# <2 4 – 9 3  
Zn <10  14 – 42 10  
Mn <20 25 - >200   
Fe <20 26 – 109   
B <10 14 – 40 <10  
Mo ? 0.06 – 0.14   
 
# youngest fully expanded phyllodes, a 5th and 6th phyllode, upper-crown branches 
*mg/g dry weight; #mg/kg dry weight 
 
Comparison of the data in Table 3.10 with Tables 3.4 to 3.6 reveals the following: 
• The concentrations of B in the control and routine treatments may have been limiting 
tree growth at Bremer. The critical B concentration for diagnosis of B deficiency has 
not yet been defined for A. mangium, and may well lie around the 12 – 13 mg/kg area. 
In a pot trial Guha (1988) proposed a critical level around 10 mg/kg. This value is 
likely to grossly underestimate the true value because the author grew plants in 
containers and waited until severe symptoms appeared before sampling phyllodes for 
analysis. 
• The low concentrations of Cu at Imalu and Zn at Rangini were not improved by the 
addition of basal fertilizer. To be certain that these elements were not limiting growth, 
higher amounts may be required in the basal fertilizer to lift concentrations into the 
desirable ranges that were present in trees at Bremer. 
• At Rangini, the addition of N fertilizer tended to lower the B concentration in the 
phyllodes to possibly marginal levels. This suggests that additional B fertilizer may be 
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required. The management of B supply to plantations is difficult, especial in areas of 
sandy soils and/or high rainfall. This is because B can be easily leached. If high rates 
of B are used, B toxicity may occur in trees. This is discussed further in Bell and Dell 
(2008). 
With the data available, two questions posed earlier can now be answered: 
i) Why did the basal fertilizer improve growth over the standard commercial fertilizer? It 
is likely that micronutrients, especially B, Cu and Zn, were limiting at some sites 
and that the micronutrient content of the basal fertilizer reduced these limiting 
factors.  
ii)  What elements are likely to be limiting tree establishment and early growth on 
Melville Island? The only element that was evaluated in detail was N and the 
results showed that the N limitation for A. mangium was small in the first year at 
two sites and was not limiting at the third. Clearly, there was evidence from foliar 
analysis that micronutrients are of concern and likely to become deficient if 
growth rates are pushed further with macronutrient fertilizers. In order to 
determine the extent of limitation of particular elements, deletion trials should be 
setup where a complete fertilizer is used and then treatments are applied where one 
element at a time is deleted from the fertilizer mix. This approach has been widely 
used in the past to help determine the best fertilizer mix. Once the main limiting 
elements are know, fertilizer rates trials can then be undertaken to evaluate the 
amount of a particular element required specific soil types concerned. 
3.4.2 Inoculation experiments 
The two field trials showed that there was no benefit from inoculation with either strain of 
Bradyrhizobium in the nursery. Indeed, the growth of inoculated seedlings was inferior to 
uninoculated seedlings supplied with inorganic N. The possibilities for these findings include: 
i. The control treatment was nodulated at the time of planting. Nodules were present on 
the control seedlings at planting. It is likely that the nursery hygiene and or the potting 
mix were responsible for this. Samples were taken for molecular characterization but 
there was insufficient time to analyse the samples. 
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ii. The strains of Bradyrhizobium used in the nursery inoculation were ineffective. In 
Chapter 2, both strains were considered to be effective due to the seedlings being dark 
green and having higher dry weights than other seedlings.  
iii. The nursery inoculation was unsuccessful. It is not known whether these strains 
persisted in the nursery or were outcompeted by others in the soil. Molecualr analysis 
can compare sequences for the inoculant organisms with the organisms reisolated from 
the nodules formed in the nursery to answer the above question. 
iv. There are effective strains of Bradyrhizobia on the island that can quickly invade A. 
mangium roots after outplanting. Evidence against this is the observation that nodules 
were restricted to the crown at 3 months after planting. It is likely that bacteria spread 
from these onto the lateral roots thereafter. However, the inoculant organisms were 
isolated from soil obtained from Melville Island. It is possible that there may be a 
range of other bacteria present in the soils that can slowly colonize roots of A. 
mangium. 
v. The inoculated seedlings were smaller than the control seedlings at planting and were 
unable to catch up with the growth of the uninoculated seedlings.  
vi. N was not limiting growth. This is not true because there was a response to N fertilizer 
at both Bremer and Imalu in the uninoculated treatments. The greater N response at 
Imalu was in agreement with the N rates trial that showed that more N was required at 
Imalu, and with the lower soil total N was lower at this site (Table 3.2). Surprisingly, 
the growth of seedlings in Imalu was better than Bremer, in terms of height and 
diameter, but nodules appeared to be more abundant at Bremer than at Imalu.  
Of all the above factors, contamination of the control seedling bench in the nursery would 
have seriously compromised the field experiments. Therefore, they were of little use in 
addressing the question posed in the introduction. It remains unclear whether inoculation with 
compatible Bradyrhizobium strains in the nursery can benefit the N status of trees in the field 
after outplanting. 
On a site where nitrogen is deficient in legume trees which is inoculated by effective strain 
are believed to be optimal to help trees overcome N deficiency condition. The effect of 
rhizobium inoculation especially at Imalu was unclear. This could explain by calibrating N 
fixation through 15N natural abundance method (Galiana 2002) in further studies. 
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Chapter 4: General Discussion 
 
From the research finding so far, the thesis has indentified some key factors influencing 
growth of Acacia mangium plantations on Melville Island. The potential for N2-fixing bacteria 
and use of balanced inorganic fertilizers are highlighted. These matters are discussed below 
along with some suggestions for improving the management of A. mangium plantations on the 
Island, and the need for further researches in these areas. 
4.1 Nitrogen fixing bacteria 
The soil samples taken from Melville Island contained a suite of bacteria capable of forming 
nodules on roots of .A mangium seedlings under glasshouse conditions. The N2-fixing bacteria 
associated with A. mangium appeared to be diverse, differing in growth and morphology in 
culture. Bacteria isolated from root nodules contained both fast- and slow growing strains. 
This diversity was confirmed by molecular analysis with diverse banding patterns of 
fingerprinting PCR among the isolates. Under glasshouse conditions, some strains were 
superior to others in promoting the growth of A. mangium seedlings under N-limiting 
conditions. In seedlings with dark green healthy foliage, the nodules occurred mainly on the 
tap root. In yellow seedlings with apparently ineffective strains, small brown nodules tended 
to occur on lateral roots. The glasshouse work confirmed that some strains of Bradyrhizobium 
on Melville Island are effective in colonizing roots and promoting growth of A. mangium 
seedlings. 
 The diversity of N2-fixing root nodule bacteria (RNB) on Melville Island differed both 
between and within sampling locations. For example, there were diverse PCR profiles of RNB 
in some soils but not in others. Furthermore, at Shark Bay, RNB were absent in some 
samples. Surprisingly, nodules were observed on seedlings in the nursery stock prior to out-
planting to this site. RNB could not be detected by baiting with A. mangium seedlings in soil 
samples collected from one year-old A. mangium plantations. This suggests that the RNB 
present in the uninoculated nursery stock were not resilient enough to survive in the field. The 
Shark Bay site is relatively exposed and the soil consists mostly of leached sands. 
Unfavorable site conditions such as an unfavorable soil pH, low soil nutrient status, high 
surface soil temperatures, water deficit in the dry season, and other factors, may have reduced 
the survival of RNB. Therefore the RNB existence in seedlings that were at out-planting into 
commercial stands at unfavorable sites will be considerably effected (Brockwell, Searle et al. 
2005; Diouf, Samba-Mbaye et al. 2007; Sadowsky 2005). Further work is necessary to 
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determine the reason for the low diversity and possibly abundance of RNB in this area and to 
identify resilient and effective RNB strains for A. mangium for these sites. 
The diversity of RNB associated with A. mangium was comparable with findings from studies 
on rhizobium populations associated with Acacia species. The diversity of indigenous 
rhizobial populations associated with A. seyal Del. from 42 Senegalese soils was confirmed 
by Diouf et al (2007). Among 138 nodules, RNB were grouped into 15 clusters to four genera 
by restriction fragment length polymorphism analysis (Diouf, Samba-Mbaye et al. 2007). In 
another study, the diversity of RNB from 14 different soil samples sampled in southern 
Ethiopia taken from A. seyal, A. tortilis and Faidherbia albida and from nodules sampled 
from Acacia species and other leguminous species were confirmed by differences of growth 
rates and colony morphology (Wolde-meskel, Berg et al. 2004). While Bala et al. (2003a) 
reported high population of indeginous rhizobia associated with Calliandra calothyrsus, 
gliricidia sepium, Leucaena leucocephala and Sesbania sesban in the tropical areas of three 
continents. The diversity of these RNB were characterized by sequencing of internal 
transcribed spacer (ITS) region between 16S and 23S rRNA, and giving 80 ITS group within 
4 genera, Rhizobium, Mesorhizobium, Sinorhizobium and Agrobacterium. In a more recent 
study in Dakar, Senegal, an A. mangium hybrid was able to form nodules with various natural 
soil rhizobia belonging to the 15 ISG groups (Samba, Neyra et al. 2007).  
Acacia mangium was reported to be restricted host in association with RNB (Galiana, 
Chaumont et al. 1990), while some of other Acacia species was promiscuous hosts  such as A. 
auriculiformis, A. sayal, A. senegel, A. tortilis, A. albida, A. saligna ext. (Bala, Murphy et al. 
2003b; Dreyfus and Dommergues 1981; Galiana, Chaumont et al. 1990; Marsudi, Glenn et al. 
1999; Wolde-meskel, Berg et al. 2004; Wolde-meskel, Terefework et al. 2005). Therefore, 
strains which were isolated from this project from soil samples under not only A. mangium 
but also A. auriculiformis, A. crasicarpa plantations and under native forest could be 
compatible with other acacia species. 
Among RNB associated with A. mangium, some of them show positive effect on the growth; 
especially strains isolated from soil samples number 3, 10, 11 and 18, their shoot dry weight 
were over minus control 589%, 579%, 533% and 477%, respectively. These strains should be 
continuously authenticated to select optimal N-fixing bacteria for A. mangium.  
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4.2	  Tree	  nutrition	  
Surprisingly, there was not a large inorganic N-fertilizer response by A. mangium on Melville 
Island. In general, optimal growth in the first year was obtained with 15 g N fertilizer per tree 
in combination with mixture of micro- and macro-nutrients. The demand on soil nutrients, 
during the establishment of fast growing plantation, was expected to be high (Hardiyanto and 
Wicaksono 2008; Huat, Awang et al. 2002), especially on ex-bush sites for the first rotation. 
The weak response to N fertilizer could have resulted from a number of factors. Firstly, Island 
soil had good reserves of N, which may be sufficient to support tree growth in the early years. 
The trials were established on sites which had previously been planted with A. mangium, but 
had failed due to severe weather events and/or fire. The last plantation was established in late 
2005 on Imalu and Rangini and in 2001 on Bremer. Some N-fertilizers were applied at these 
sites, but it is unlikely that they would have persisted under high soil temperatures in the dry 
season and heavy rain in the wet season to directly benefit the experimental planting. 
Furthermore, the wildfire in mid 2007 resulted in some ash-beds and, there was additional 
burning of slash and debris on the sites prior to planting. These fires would have increased the 
availability of nutrients such as P but much of the inorganic N reserves would have been 
volatilized (Mackensen, Hölscher et al. 1996). However, there are studies which show that 
soil ammonium and nitrate concentrations can increase after fire (Turner, Smithwick et al. 
2007), by up to 94% and 152 % in comparison with un-burnt plots, respectively (Wan, Hui et 
al. 2001). In the study of Wan et al. (2001), soil nitrate increased by up to 24% immediately 
after burning, and 3 fold within 1 year, while soil ammonium increased increase two folds 
after fire (Wan, Hui et al. 2001). However, these N sources could not be sustained for long 
and their levels in soil rapidly declined. 
Secondly, the plantations could have obtained a significant proportion of their N from 
biological of N fixation. Root nodule were observed on un-inoculated trees growing in 
inoculation trials. Therefore, there are native root nodule bacteria present in these sites, or 
bacteria inadvertently introduced with planting stock. Some of these soil rhizobia might have 
formed effective nodules with A. mangium which had fixed N2 to supply a part of total tree N 
requirements. For example, A. dealbata fixed approximately 50 kg N/ha per year, which was 
sufficient to replace the N lost through burning  (May and Attiwill 2003). It was beyond the 
scope of this thesis to determine the dependency of the plantations on N2 fixation, and this is 
clearly an area that quantitative data are needed in order to model and manage plantation N 
requirements across rotations in the future. 
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Thirdly, if other nutrients apart from N were limiting growth at the field sites, this could have 
reduced or diminished benefits of inorganic N supplied in the N rate trials. It was found that 
the sites were limited by nutrients other than N. This was clearly evident when comparing the 
superior growth of trees with 15 g of N fertilizer in combination with 72 g K, 218 g P and 
83.3 g micronutrient fertilizer (Appendix 3.1), with that of the trees without fertilizer or trees 
that only received the current basal fertilizer could have significantly improved tree 
micronutrient status, especially B, Cu and Zn, which were limiting at some sites. Clearly there 
is a need to lift the levels of micronutrients in the operational fertilizers. Foliar analysis also 
revealed that the trees in the N rate trials probably had adequate or near adequate 
concentrations, thus the trees were unlikely to be constrained by nutrient supply at the time of 
measurement. However, further research is required to know whether the amount of 
micronutrients is adequate to sustain tree growth until harvest, and even into the next rotation. 
The foliar data also indicated that there were differences in soil nutrient available among the 
sites. For example, P was potentially deficient at Rangini, and K marginal to deficient at 
Imalu. Foliar analysis confirmed that trees were not limited by N supply at time of sampling. 
4.3	  Improving	  the	  management	  of	  A.	  mangium	  on	  Melville	  Island	  and	  
future	  study	  proposed.	  
Although RNB were trapped from Melville Island soils (Chapter 2), there appears to be a lack 
of effective RNB in some locations, such as Shark Bay. Therefore, it is worthwhile to 
investigate an inoculation program using a number of effective strains that can persist and 
out-complete ineffective strains in the field. Inoculation has been recommended whether soil 
rhizobia population is under 50 cells per gram (Turk, Keyser et al. 1993). Murray et al. (2001) 
pointed out the benefit of inoculating trees with compatible rhizobia. Consequently, trapping 
local N2-fixing bacteria should implement at specific plantations. The in-situ bacteria can be 
compared to strains trapped from natural range of A. mangium in order to obtain the most 
effective strains to inoculate seedlings prior to out-planting. Consideration must be given to 
site constrains such as soil chemistry as well as any host specificity.  
The survival and symbiotic activity of RNB is co-effected by soil pH, temperature, water, 
nutrient, and other factors. There may be an advantage of inoculating  A. mangium seedlings 
with a range of beneficial symbiotic organisms as it has been shown already that co-
inoculation with Bradyrhizobium  and ectomycorrhizal fungus (Pisolithus sp.) significantly 
improved growth of A. mangium (Duponnois, Founoune et al. 2002). Furthermore, Sutherland 
et al. (2000) showed that six of seven African acacias grew better and contained more total N 
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when inoculated with multiple rhizobia, both fast- and slow-growing strains, not only from 
their hosts but also introduced strains. Therefore, multiple-inoculation is an option for 
plantation managers and nursery managers to consider. 
However, great care must be taken in identifying suitable strains for commercial plantations. 
Frémont et al. (1999), Galiana et al (2002; 1990; 1998; 1994), Prin et al. (2003), and Umali-
Garcia et al.(1988) screened rhizobia on both sterilized and non-sterilized substrates. Some 
strain showed their N2-fixing capability under laboratory/glasshouse condition using 
substrate, but their N2-fixing ability diminished when being transplanted into nursery and the 
field. Soil physical, chemical and biological properties may have been drastically altered by 
sterilization (Ames, Thiagarajan et al. 1991), and strains that did well under these conditions 
might not be well adapted to environmental conditions in the field. In contrast, other strains 
screened on un-amended soils showed their effectiveness in glasshouse and nursery trials, and 
they retained their N2-fixing ability under field conditions. Ames et al. (1991) concluded that 
selecting rhizobia should be done in non-sterilized soil. Therefore, screening for compatible 
rhizobia for A. mangium should be conducted on un-amended and non-sterilized soils 
collected from where plantations will be established in order to confirm whether the 
inoculums potential is sufficiently high to warrant a nursery inoculation program. Strain Aust. 
13c, which gave outstanding growth results, should be evaluated for A. mangium on Melville 
Island and procedures should be developed for the storage and deliver of inoculums under 
remote tropical conditions. 
The trials were established on sites where failed plantations had been established and 
wildfires occurred, so that soil nutrient supplies would have been altered by previous 
operations and fire, rendering sites different from ex-bush sites. The latter make up the largest 
part of the A. mangium estate on Melville Island. Operation fertilizer trials are required for all 
sites in relation to soil contributions and nutrient availability and regulation capacity. 
The climate on Melville Island is characterized by an extended dry season in comparison with 
many Asian regions where commercial A. mangium plantations are extensively grown. High 
temperatures, high vapor pressure deficits and limited soil water holding capacity of some 
soils in the dry season could have contributed to slow growth rate on plantations on Melville 
Island. Experience in Vietnam suggests that some of the A. mangium hybrid may be more 
drought tolerant and thus can out-perform clonal or seeded A. mangium on sites with a dry 
season extending more than 3-4 months (Nghia pers. Comm.). Some of the plantations on 
Melville Island had poor crown form and this may be an expression of site constraints. 
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Mineral nutrients, apart from N, were not evaluated in this study in any detail which are likely 
to be limiting tree establishment and early growth on Melville Island. The results showed that 
the N limitation for A. mangium was small in the first year at two sites and was not limiting 
the third. Clearly, the evidence from foliar analysis showed that micronutrient deficiencies 
were present and likely to deteriorate if growth rates were rapidly increased high levels of 
macronutrients. In order to determine the extent of limitation of particular nutrients, omission 
trials should be conducted. Once the main limiting nutrients are known, fertilizer rate trials 
can then be undertaken to evaluate the amount of a particular nutrient in treatments. 
To sum up, the thesis has found some major finding, major problem and perspective research 
1.  The strain WSM 2248 which was collected by CRS (Murdoch University) and 
associated with A. acuminate formed functional nodules with A. mangium. The strain may be 
promising if co-inoculate with mycorrhizal fungi (Jayakumar and Tan 2005). 
2.  Indigenous root nodule bacteria associated (RNB) with A. mangium on Melville Island 
appeared to be diverse and differed both between and within sampling locations. Some of 
them show positive effect on the growth. The authentication to select to optimal N-fixing 
bacteria for A. mangium is recommended. 
On the other hand, RNB were absent on Shark Bay. It is assumed that the lack of 
rhizobia associated with A. mangium might appear somewhere else on the Island. Therefore 
seedlings inoculated prior to planting are critical for promoting the growth of biomas. 
3.  Nitrogen was not a apart of nutrients to limit the growth of A. mangium than others. 
The trees reached superior growth with 15 g of N fertilizer in combination with 72 g K, 218 g 
P and 83.3 g micronutrient. Foliar analysis revealed that micronutrients especially B, Cu and 
Zn were limiting at some sites. Therefore there is a need to lift the levels of micronutrient in 
the operational fertilizers. 
4.  Seedlings inoculated with strain of indigenous Bradyrhizobim did not enhance growth 
over that of treatment without inorganic N fertilizer. This could pay more attention on site 
constraints such as soil chemistry. Therefore, selecting rhizobia should be done in non-
sterilized soil collected from where plantation will be established.  
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Appendices 
 
Appendix 2.1 Fahraeus N-free Medium [Fahraeus (1957) cited in Somasegaran and Hoben 
(1994)]-constitutes per litter of deionised water  
Plant nutrient medium 
No of cell/mL 
Trace elements stock solution 
CaCl2 0.100 g H3BO3 2.86 g 
MgSO4.7H2O 0.120 g MnSO4.4H2O 2.03 g 
KH2PO4 0.100 g ZnSO4.7H2O 0.22 g 
Na2HPO4.2H2O 0.150 g CuSO4.5H2O 0.08 g 
Ferric citrate 0.005 g Na2MoO4.2H2O 0.14 g 
Trace element stock solution 1.0ml   
Mix all constituents; adjust pH to 6.8-7.0 with NaOH. Autoclave at 1210C for 20 mins 
 
 
 
 
Appendix 2.2 Effect of rhozobium inoculation on the growth of Acacia manium 
 
 
Treatment Shoot dry weight (mg) Root dry weight (mg) 
Minus Nitrogen 12.3a 14.5a 
Plus Nitrogen 84.9b 49.9b 
3a23 19.4a 16.1a 
WSM 2250 15.4a 21.2a 
WSM 1743 15.6a 17.9a 
6a12 18.4a 21.1a 
WSM 1706 23.0a 24.7a 
WSM 2248 76.7b 48.5b 
 
Note: For each factor, values in the same column followed by the same letter are not 
significantly different according to the Duncan test at Alpha=0.05 
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Appendix 3.1: The amount of fertilizers apply to the experiment 
 
 
Element  Rate 
(kg/ha) 
Compound Rate (kg/ha) Rate 
(g/seedling) 
I. Macronutrient     
1. Nitrogen (N)  Urea N rates (40%N) N rates 
2. Potassium (K) 40 Potassium Chloride 
(KCl) 
80 (50%K) (1) 72 
2. Phosphorus (P) 50 Triple Super 
phosphate (TSP) 
242 (20.7%P) (2) 218 
II. Micronutrient    83.3 
1.Magnesium (Mg) 3 MgSO4.7 H2O  30.6 (9.81%Mg)  
2. Zinc (Zn) 3 ZnSO4.7 H2O 13.3  
3. Copper (Cu) 2 CuSO4.5 H2O 7.9(Cu=25.3%)  
4. Boron (B) 0.3 NaB4O7.10H2O 2.7(B=11.3%)  
5. Manganese (Mn) 2 MnSO4. H2O 11.4 (17.6%)  
6. Cobalt (Co) 0.05 CoSO4.7H20 0.2 (Co=30%)  
7. Iron (Fe) 5 Fe2(SO4)3 26.5(Fe=18.9%)  
8. Molybdenum (Mo)  0.05 Na2MoO4 0.13  
 
Note: (1): Potassium Chloride: Product Label: LIQUIFERT K (Incitec Pivot Company) 
 (2): Triple Super Phosphate: Product Label: Triple Super (Incitec Pivot Company) 
 
Appendix 3.2 a: Effect of N fertilizer regime on height (m) of trees 
 
N Rate Bremer Rangini Imalu 
 One time Twice times One time Twice times One time Twice times 
N15 2.62 2.56 3.08 3.14 2.9 2.71 
N30 2.49 2.57 2.86 2.82 3.22 3.15 
N45 2.66 2.66 2.73 3.0 3.29 3.14 
N60 2.49 2.50 3.16 3.12 3.03 2.84 
N75 2.57 2.67 3.24 3.31 2.79 3.12 
 
 
Appendix 3.2 b: Effect of N fertilizer regime on diameter (cm) of trees 
 
N Rate Bremer Rangini Imalu 
 One time Twice times One time Twice times One time Twice times 
N15 4.2 4.1 3.1 3.1 2.9 2.7 
N30 4.0 4.3 2.9 2.8 3.2 3.2 
N45 4.2 4.2 2.7 3.0 3.3 3.1 
N60 4.0 4.2 3.2 3.1 3.0 2.8 
N75 4.3 4.4 3.2 3.3 2.8 3.1 
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Appendix 3.3 a: MANOVA table for effect of block and treatment on the height of trees at 
Bremer site. 
 
Source SS df MS F Sig. 
Treatment 201.56 7 28.79 103.25 0.000 
Block 3.68 2 1.84 6.60 0.001 
Treatment * 
Block 
34.85 14 2.489 8.92 0.000 
Error 281.94 1011 0.279   
 
 
 
Appendix 3.3 b: MANOVA table for effect of block and treatment on the diameter of trees at 
Bremer site. 
 
Source SS df MS F Sig. 
Treatment 48019.3 7 6859.9 79.97 0.000 
Block 2655.9 2 1327.9 15.48 0.000 
Treatment * 
Block 
10799.5 14 771.4 8.99 0.000 
Error 867.19 1011 85.78   
 
 
 
Appendix 3.4 a: MANOVA table for effect of block and treatment on the height of trees at 
Rangini site. 
 
Source SS df MS F Sig. 
Treatment 87.38 7 12.48 34.27 0.000 
Block 0.471 2 0.236 0.647 0.524 
Treatment * 
Block 
54.8 14 3.92 10.75 0.000 
Error 359.86 988 0.364   
 
 
 
Appendix 3.4 b: MANOVA table for effect of block and treatment on the diameter of trees at 
Rangini site. 
 
Source SS df MS F Sig. 
Treatment 23476.6 7 3353.78 28.08 0.000 
Block 448.22 2 224.11 1.876 0.154 
Treatment * 
Block 
16230.6 14 1152.19 9.647 0.000 
Error      
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Appendix 3.5 a: MANOVA table for effect of block and treatment on the height of trees at 
Imalu site. 
 
Source SS df MS F Sig. 
Treatment 54.427 7 7.775 19.034 0.000 
Block 7.377 2 3.688 9.03 0.000 
Treatment * 
Block 
26.214 14 1.872 4.584 0.000 
Error 303.092 742 0.408   
 
 
 
Appendix 3.5 b: MANOVA table for effect of block and treatment on the diameter of trees at 
Imalu site. 
 
Source SS df MS F Sig. 
Treatment 16917.5 7 2416.8 15.47 0.000 
Block 2676.1 2 1338.1 8.565 0.000 
Treatment * 
Block 
6970.5 14 497.8 3.187 0.000 
Error 115917 742 156   	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